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ENTRIES  APPEAR  IN  THIS  INDEX 

under  names  (1)  of  authors;  (2)  of  research  organizations  or  institu- 
tions; (3)  of  subjects. 

Cross  references  may  be  made  (1)  to  allied  main  headings  or  (2) 
to  subheadings  of  main  headings.  In  the  latter  case,  subheadings 
are  indicated  in  cross  references  iDy  inclosure  in  parentheses.  Head- 
ings and  subheadings  consisting  of  several  words  each  ma.y  he  in- 
dicated in  cross  references  by  initial  woi'ds  only. 

Abbreviations  used  in  this  index  are  the  following: 

In. — footnote. 

r. — reference,  lef erred  to. 

r.  to  p. — reference (s)  to  publication (s)  by  or  concerning. 

U.  S.  D.  A. — United  States  Department  of  Agriculture. 

U.  S.  D.  C. — United  States  Department  of  Commerce. 

U.  S.  S.  R. — Union  of  Soviet  Socialist  Republics. 

V. — versus. 

Names  of  headings  repeated  in  sul)headings. 

Names  of  States. 
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Abliot,  L.  A.: 

motor  vehicle  registration  and  revenue,  1920 

(report) - 30-:!'.) 

Abrasion  tests: 

of  sedimentary  rock,  results 226 

Absorption: 

cause  of  apparent  drying,  oil  treated  roads..      1 10 
see  also  Moisture  absorption— Paraffin  ab- 
sorption— Tar  absorption. 
Accelerometer,  coil  spring: 

use,  r - 124,162,165 

Accidents,  traffic: 

discussion.  Highway  Research  Board 244, 

245,247 
grade  crossing  accidents—  124, 231-242, 244, 245, 247 

increase... 231,  237, 244 

on  rural  v.  urban  highways 231-241,244,245 

preventive  measures  and  devices 234-237,244 

reporting  system,  recommendation _.      244 

.\cidic  soil  reaction: 

effects  upon  cement  and  concrete 93 

Adhesion  of  soil  particles 53 

Admixtures: 

in  concrete 11,12  (fa),  13,203-212,246 

in  subgrade  soils - 6,90 

see  also  Binder— Calcium  chloride. 
Adobe  subgrades: 

California  survey  data -.       20 

surfacing  practice,  Arizona 6 

Age: 

of  cement  mortar  and  of  concrete,  relation 
to— 

absorption  (moisture,  paraffin, tar) 105, 

106,108-110,119 

strength,  various  test  results 120-122, 

159,  160,  168, 179-181, 183-188,  208-212, 
249, 266-271 

of  soils,  factor  in  soil  classification 91 

Agg,  Prof.  T.  R 243,245,240 

Aggregates,   see   Bituminous  pavements— Con- 
crete     aggregate — Mixed-in-place 
road  surfaces— a/so  names  of  aggre- 
gates. 
Air  content: 

of  soils,  research _ 2,91 

see  also  Voids. 

Air  resistance  of  motor  vehicles.. 245 

Albert,  R.,  soil  analysis  tool 94 

Alignment,  highway: 

at  highway  bridges,  r.  to  p... 104 

design,  trend _.         7 

Alkagel"A,"  use  in  test 203,209 

Alkali: 

effect  on- 
concrete,  protection  against,  report  by 

E.  C.  E.  Lord 105-112,119 

permeability  of  soils,  research 92,93 

in    mixing    water,    effect    on    compressive 

strength  of  mortar 248 

see  also  Sulphate  water. 
Alkali  soils  as  earth  roads  material: 

oil  treatment 155 

Allen,  T.  Warren,  and  Andrew  P.  Anderson: 
power-shovel  operation  in  highway  grading 

(Part  I) 251-262,274 

Alumina  cement  concrete: 

action  of  sulphate  water  upon 204, 206, 208-212 

American  .Association  of  State  Highway  Officials: 

r 1,6,35,225 

recommendations,  superelevation  and  widen- 
ing of  highways 8 

American  Railway  Engineering  Association: 

committee  report,  grade  crossings,  quotation.      236 
American  Road  Builders'  Association; 

low-cost  road  investigation 247 

American  Society  for  Testing  Materials: 
specifications  and  tests,  r. — 

broken  stone,  sizes 32,  3.3,35 

cement  and  concrete 120-122, 249 

tars 107 

American  Society  of  Agronomy 89 

American  Soil  Survey  Association: 

soil  colors  standards -.^ 94 

Analyses,  mechanical,  see  Mechanical  analyses. 

Anchorage  tests,  pile  heads  in  concrete 19, 124 

Anderson,  Andrew  P.,  see  Allen,  T.  Warren. 
Anderson,  N.  S.: 

surface  treatment  of  roads 191  (fn),  248 

Anderton,  B.  A 125  (fn) 

Arch  action: 

in  concrete  bridge  slab  under  load 177 

Arches,  concrete,  see  Concrete  arches. 
Arizona  State  Highway  Department: 

thickened  edge  design,  concrete  pavements..  9 
Arlington  Experimental  Farm,  Arlington,  Va., 
see  Bond,  bonding  (of  pile  heads)  — 
Delaware  River  Bridge  floor 
slabs— Thermograph  records— vi- 
brolithic  concrete — also  names  of 
authors. 
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Ash  (powdered  fuel,  volcanic):  Page 

use  as  concrete  admixture 203, 205, 209, 21 1 

see  also  Volcanic  ash  soil. 
Asphalt,  asphalts: 

as  distinguished  from  fuel  oils  and  road  oils.  153, 151 

for  bituminous  macadam  work 154 

for  surface  treatment  of  roads 125-127, 

154, 191-193, 196,  l'.(8 
see  also  headings  beginning  Asphalt,  Asphal- 
tic — also  Penetration. 

Asphalt  Association,  r 35 

.\sphalt  content,  see  Bitumen  content. 
Asphalt  treatment  of  light-traffic  roads: 

mixed-in-place  surfaces 125-128, 146-154,248 

topsoil  roads,  South  Carolina 191-202 

Asphaltic  oils: 

light  asphaltic  oil  road  surfaces,  report  by 
C.  L.  McKesson  and  W.  N.  Frick- 

stad 125-158 

use  in  surface  treatment  of  light-traffic  roads.    125- 
1.58, 191-202,  248 
Asphaltic    pavements,    see    Bituminous    pave- 
ments. 

Atterberg  soil  tests,  r 2,41 

Automobiles,  see  headings  beginning  Motor. 

R 

Baldock,  R.  11 129, 130  (text  and  fn),  132  (fn) 

Baltimore   and    Ohio    Railroad    Co.    v,    Dora 

Goodman 240  (fn) 

Baltimore  streets: 

financing  from  gasoline  tax  and  motor  vehicle 

revenues..  39  (fn),  40  (fn),  190  (fn),  214  (fn) 
Barium  chloride,  use  as  concrete  admixture...  203, 211 
Bars,  reinforcing,  see  Concrete  reinforcement. 

Bartel,  F.  0.,  soil  studies 92 

Basalt  (New  Jersey),  characteristics 264 

Base  courses; 

for  concrete  pavements — 

bituminous  concrete  pavements,  trend 

in  design 14 

side  strips  in  reconstruction 20 

for  crushed  rock  and  gravel  roads- 
construction  methods  (Western  States)..     125, 
128, 130, 140 

crushed  stone  size 125, 128, 130 

preparing  for  oil  treatment,  cost  data 

(California) 143 

for  macadam  pavements- 
crushed  rock  and  gravel  surfaces  as  bases 
for  bituminous  macadam,  investi- 
gations  - 125 

crushed  stone  size-. 35 

extension  as  edge  protection,  bituminous 

macadam  pavements 14 

Base  exchange  in  soils; 

investigations,  value .53 

Batcher  device  for  weighing  concrete  materials..        18 

Bates  test  road,  thickened  edge  design 9 

Bearing  power  of  subgrade  soils; 

increase  through  bituminous  treatment 0,20 

relation  to— 

consistency 53 

costs  of  pavement 20 

tests  auxiliary  to  road  surveys,  r 1-3 

Bedford,  T.  A 141 

Beggs    deformeter    gauges,    Beggs    deformeter 

method  of  bridge  analysis,  use. ..  104, 230 

Belt  traffic  routes 247 

Belting  of  concrete  slabs: 

method  for  vibrolithic  concrete 17U 

relation  to  pavement  checking 246 

Bending  moments; 

in  concrete  arches,  formulas,  and  computa- 
tions   72-79,  83-88,  95,  98-1 0 1 

in  concrete  pavement  slabs — 

under  corner  load  (vibrolithic  and  nor- 
mal concretes) 187 

under  temperature  variations 55-57 

in  Delaware  River  Bridge  test  slabs 174, 189 

Bending  tests  of  concrete. 120-122, 

124, 179-189,  246,  263-269,  272,  274 
Benkelman,  A.  C,  (collaborator): 

subgrade  studies,  report 1-6,20 

Bentonite,  minerals  of,  r.  to  p.. 42  (fn) 

Benzol  as  solvent  in  bitumen  extraction,  road 

samples 140 

Berry  strain  gauges,  use,  r.. 171 

Binder: 

for  bituminous  macadam  roads,  use,  trend..        14 
(or  crushed  rock  and  gravel  roads- 
clay,  effects 12,5, 128,  129, 134-140, 145, 146 

practice  in  Western  States,  oil  treated 

and  untreated  roads 125, 

128,129,133-140,145-147 
test  results,  binders  used  in  Oregon. ..  133-140 
for  surface  treated  topsoil  roads- 
types  used  in  South  Carolina -      192, 

193, 196,  200-202 
sec  also  Bond,  bonding— Cementing  value. 


Bins  and  hoppers:  I  ^Se 

for  concrete  proportioning  by  weight... 17, 18 

Bitumen  as  seal  coat  in  curing  of  concrete  pave- 
ments.       246 

Bitumen  content; 
of  oils — 

fuel  oils  used  on  Western  highways— 

r.  and  test  results 131, 

1 11,  142,  144-147, 153, 154,  l.W,  l.-,7 

specifications 130, 131, 154 

road  oils 153, 1.54 

used  on  topsoil  roads.  South  Carolina.  190,  202 
of  surface  samples  from  oil  treated  roads. 

Western  States 135,140,150-158 

of  tars— 

for  protection  of  concrete,  specifications..      107 
for  surface  treatment  of  topsoil  roads ...  196, 202 
Bituminous  fillers,  see  Fillers. 
Bituminous  pavements; 

bituminous  concrete  pavements. 

as  resurfacing 14,20 

crushed  stone  sizes 34 

design,  trend 14 

mileages,    Federal-aid    projects   to   and 

during  1926 9,10 

widening  by  concrete  shoulders 14, 20 

bituminous  macadam  pavements — 

as  resurfacing 14,20 

asphalt  for,  grade _ 154 

base  courses,  r ..14,125 

binder 14 

bitumen  requirements,  rule  for 245 

crushed  stone  sizes 14,32,34,3.5,245 

edge   protection   by   extension   of  base 

course 14 

mileages.    Federal-aid   projects   to   and 

during  1920.. 9,10 

top  course,  depth,  trend  in  practice 14,245 

impact  tests _ 124 

reconstruction  methods 20 

see  also  Bituminous  surfacing — Bituminous 
treatment. 
Bituminous  surfacing: 

of  Delaware  River  Bridge  slabs 159 

see  also  Bituminous  pavements — Bituminous 
treatment. 
Bituminoas  treatment; 

ot  cruslied  rock  and  gravel  roads,  practice  in 

Western  States 125-158,248 

of  gra\-elly  earth  roads,  efficacy.. 20 

of  .subgrades 0.20 

of  topsoil  roads- 
discussion.  Highway  Research  Board 218 

South  Carolina  experiments,  report  bv 

J.  T.  Pauls "191-202 

see  also  Tar  treatment. 
Wast  furnace  slag,  see  Slag. 
Blasting: 

in  broken  stone  production,  costs,  r.  to  p 104 

in  power-shovel  operation 252,254,2.55,262 

Bond,  bonding; 

between  mortar  and  stone,  destruction  in 

freezing  tests  of  concrete 186 

of   crushed   rock  and  gravel  traffic  bound 

roads,  factors  affecting..- 128,147 

see  also  Bonding  properties  of  clay. 
of  dowels  across  joints  in  concrete  pave- 
ments— 

practice,  lack  of  uniformity 11 

of  pile  heads  in  concrete,  proposed  tests 19,124 

of  topsoil   roads   (treated  and   untreated), 

factors  affecting 191-195,199-202 

sec  also  Binder. 

Bonding  properties  of  clay 128, 

129, 134-140, 14,5, 146, 191, 192 
Bonds,  highway: 

amounts  allocated  to,  from  gasoline  tax  and 

motor  vehicle  revenues  37,39,40,190,214 
Bosley,  H.  L.: 

crack  measuring  instrument,  report 228,229 

Botkin,  C.  W.,  soil  investigations 92,93 

Boulay,  L.  A.,  traffic  studies 61 

Boussinesq,  M.  J.,  r.,  r.  to  p 113  (text  and  fn),  115 

Bouyoucos,  G.  J.; 

soil  colloid  investigations 93,94 

Bowlder  breaking,  r.  to  p 104 

Brakes,  motor  vehicle; 

code  for  regulating,  r 244 

Brard,  M.,  soundness  test  of  rock,  r 225 

Brick  pavements; 

construction   and   reconstruction   methods, 

trend 14,20,245 

mileages.  Federal-aid  projects  to  and  during 

1926 9,10 

thin  brick  pavements 14 

Bridges,  highway; 

bond  of  pile  heads  in  concrete ,  1  osts 1 9, 1 24 

bridge  commission.  New  Jersey — 

motor  vehicle  rex'cnue  allocation  to  ..  190  (fn) 

concrete  flooring,  special  cement,  use.- 11,14 

curbs 8 

Delaware  River  Bridge  slab  tests 159-178, 189 

1 
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7-14, 20 
246, 263 

94 
91 


Bridges,  highway— Continued. 

highway  curves  at 

location,  bulletin,  announcement 

tar  treatment  of  concrete  piers,  piles,  etc... 

Yadkin  River  Bridge  tests 19, 104 

Broken  stone,  see  Crushed  stone. 
Brooming  methods  end  apparatus: 

in  surface  treatmentofroads 

130,131,141,154: 

Brosseau,  A.  J.,  highway  finance 

Brown,  R.  D.,  see  Bruce,  A.  G. 
Bruce,  A.  G.,  and  R.  D.  Brown: 

trend  of  highway  design,  report 

Bulking  of  concrete  sand 15,16,179, 

Bureau  of  Soils,  U.  S.  D.  A.: 


soil  maps 

Bureau  of  Standards,  U.  S.  D.  C. 

M.  G.  Lloyd,  paper,  r.. 244 

wind  resistance  investigations,  r 245 

Burning  point  test  results: 

of  oils  for  surface  treatment  of  roads 196 

Burton,  V.  R.,  r.,  r.  top 3  (fn),  91  (fn),  248 

Bushnel),  T.  M.,  soil  colors 94 

By-pass  traffic  routes 62,247 


Cal,  use  as  concrete  admixture 203,209 

Calcic  sulphoaluminate: 

formation  during  concrete-alkali  test 105 

Calcium  carbonate,  see  Lime. 
Calcium  chloride: 

as  admixture  in  concrete 203-205,  208,  209,  246 

as  dust  palliative,  earth  roads _ . .  143, 144 

in  mixing  water,  effect  on  strength  of  mortar.     248, 

249 

^  use  in  curing  of  concrete 246 

Caliche  as  subgrade  admixture 6 

California  Department  of  Public  Works,  Cali- 
fornia State  Highway  Commission, 
see  California  highways. 
California  highways: 

surface  treatment 125-130, 141-158, 248 

survey,  data  and  r 3,20 

Calyx  core  drill,  use,  r_ _ 181 

Cantilever  beam  tests  of  concrete.  120-122, 124, 263-274 
Capillary  moisture: 

in  concrete-alkali  test  specimens,  determina- 
tion  - ? 105 

In  soils — 

capillary  pressure,  action 50-63 

rise  in  tubes  of  clay  and  of  sand .  _ 250 

upon  lower  surface  of  oil  treated  roads_......      135 

Capping  of  compressive  strength  specimens: 

binder,  highway 136 

cement  mortar 249 

concrete- 
capping  square,  article  by  F.  V.  Reagel.      123 

materials  used,  Missouri  practice 123 

Carbonic  acid  in  ground  water: 

effect  upon  cement  pipes 93 

Celite,  use  as  concrete  admixture 203, 210,211 

Cement: 

bagged  cement  weights  at  mill,  variations..      246 
overnms  and  underruns  in  proportioning  by 

volimie  and  by  weight 16, 17 

quality,  effect  upon  strength  of  concrete- 
report  by  F.  H.  Jackson 120-122 

retesting  after  storage 245 

special  cement — 

use,  tendency. 11 

see  also  Alumina  cement  concrete. 

voids  (in  sack  of  cement) 188 

see  also  headings  beginning   Cement— a/«o 
Lumnite    cement— Portland    Ce- 
ment   Association — Water-cement 
ratios. 
Cement-aggregate  ratio  of  concrete: 

comparison  with  modulus  of  rupture,  vibro- 

lithic  and  normal  specimens.  181, 184-188 

specifications,  trend _ 14 

Cement  content  of  concrete: 

quantity,  relation  to  strength 120, 184, 186,  269 

requirements— 

of  vibrolithic  v.  normal  concrete,  for- 
mula   184, 186, 188, 189 

per  cubic  yard,  relation  to- 
grading  of  aggregate 34,  270-274 

moisture  content  of  sand  and  method 

of  proportioning 15 

see     also     Concrete     mix — Proportioning— 
Water-cement  ratios. 
Cement  mortar: 

as  capping  materia!  for  concrete 123 

see  also  other  headings  beginning  Cement— 
also  Compression  tests— Moisture 
absorption— Salts  (in  mixing  ^a- 
ter) — Tar  absorption. 
Cement  pipes: 

deterioration  through  soil  reactions 93,94 

Cementing  value: 

lack  in  concrete  sand _. _ 137 

of  binder- 
Oregon  tests 133, 136, 137, 145 

see  also  Binder. 


Cementing  value — Continued.  Page 

of  fine  dust  subgrade,  Arizona,  r 6 

of  "solidified"  water  in  drying  soil 53 

Center  loads,  see  Load,  loads. 

Center  thickness,  see  Thickness. 

Chats  as  cover  material,  surface  treated  roads: 

size,  costs,  effectiveness 193, 197, 198, 200 

Cheat  Haven  Dam,  tar  treatment 119 

Checking,  concrete  pavement,  see  Hair  cracks. 
Chert  roads: 

costs,  traffic  capacity,  surface  loss 248 

Chips: 

as  cover  material  for  surface  treated  roads,  r.     126, 
127, 131, 144, 145, 154, 156,  201 
for  bituminous  macadam,  size  requirements.  32, 34 
Cinders,  volcanic: 

as  surfacing  for  adobe  subgrade,  r 6 

Classification: 

of  highways,  see  Improvement,  highway, 
of  soUs,  see  Soils. 
Clay  content: 
of  soils — 

relation  to— 

landslides 22-28 

success  of  oil  treatment  of  roads 128, 

135, 137, 140, 146, 165 
suitability  of  soil  for  road  surfacing..     136, 
156, 191, 192 
see  also  Binder. 

weathering  processes  in  soils 24 

topsoil.  South  Carolina 192,194,195 

of  surface  samples  from  surface  treated  high- 
way, Oregon 135,137,140 

see  also  Clays— Mechanical  analyses. 
Clays  and  clayey  soils: 

as  admixture  for  sand  subgrades 6 

as  binder,  see  Binder — Bonding  properties. 

as  subgrades,  instability 20,149 

diameter,  upper  limit 192,194 

fire  clay  in  landslide  areas 22 

Gila  clay,  research 92,93 

glacial  clays- 
internal  friction  as  electric  phenomenon.       92 

time-compression  curves __.       42 

lineal  shrinkage  of  binders,  Oregon  highways.     133, 

138 

minerals  of,  r.  to  p _-_ 42  (fn) 

moisture  capacity,  moisture  equivalent 133, 

138, 155 

permeability,  investigations 46,48,49,93 

power-shovel  operation  data 254-262 

research,  need  for,  r _.      243 

shale-likeness  (scale-likeness)  of  particles 41, 

42(fn),250 

voids  ratio 41, 42, 47, 48 

volume  change 41-43,47-50,155 

Clemmer  cantUever  beam  tests,  r.  to  p 121, 264 

Cleveland,    Ohio,    regional   highway   planning 

survey _ __.      213 

Climatic  conditions,  see  Weather. 

Clinometer,  use,  r 230 

Cohesion  in  soils 42,62,53 

Colloid  content: 

of  mortar  and  of  concrete,  relation  to  tar  ab- 
sorption  109 

of  soils 42  (fn),  53, 91, 93, 94, 136 

Colloidal  magnesium  hydrate: 

destructi veness  in  concrete 105 

Colloy,  use  as  concrete  admixture 203, 21 1 

Color: 

of  luminous  signals,  recommendation 244 

of  soils — 

color  standards  and  nomenclature 94 

r 2,4,91,94 

Color-blind  persons: 

refusal  of  motor  vehicle  licenses  to _.      244 

Columbia  River  Highway,   Oregon,   oil  treat- 
ment   132-140 

Comly,  H.  S _ 144 

Commodity  transportation  by  motor  twck: 
comparison  with  commodity  transportation 

by  railroad,  Ohio _._ 102,103 

transportation  survey  data — 

Ohio - 62,67-70,102,103 

Vermont 215,218-220,222,223 

Common  carriers,  see  Commodity  transporta- 
tion— Motor  busses. 
Compaction: 

of  subbases  under  traffic  as  subgrade  treat- 
ment  248 

of  surface  treated  roads,  methods  and  miscel- 
laneous r.- 125-128, 138, 

142-144, 146-148, 153, 156, 157, 194-196,  202 
Compressibility: 

of  porous  materials 50 

of  soils 41-53,91,92 

Compression  tests: 

of  binder  for  surface-treated  roads 136 

of  cement  mortar 203,212,248,249 

of  concrete 17, 18, 120-122, 124, 159, 168, 175, 181- 

183, 186, 203, 204, 208-211, 246, 263-271,  274 

of  soils 2,41-53,92 

see  also  Capping. 
Compressive  strength,  see  Compression  tests- 
Salts  (in  mixing  water). 
Compressive  stresses,  see  Stresses. 
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Concrete,  see  headings  beginning  Cement,  Con- 
crete— also  Acidic  soil  reaction- 
Admixtures — Age — Alkali— Alu- 
mina cement  concrete — American 
Society  for  Testing  Materials- 
Anchorage  tests— Bending  tests — 
CantUever  beam  tests— Capping — 
Cement— Colloid  content — Com- 
pression tests— Consistency — Con- 
traction—Crushed stone  concrete — 
Curing — D  e  n  s  i  t  y — D  e  t  e  r  i  o  r  a- 
tion — Elasticity — Expansion- 
Fatigue— Flexural  strength- 
Flow— F  r  e  e  z  i  n  g— G  ravel  con- 
crete— Gypsum — Hardening  rate- 
Impregnations — Lime — Modulus, 
moduli  (of  elasticity — of  rupture) — 
Moisture  absorption— Moisture 
content — Paraffin  absorption — 
Paraffin  treatment — Plastic  flow — 
Poisson's  ratio — Porosity — Propor- 
tioning— Salts — Sea  w  a  t  e  r — S  e  t  - 
ting — Slump— Storage — Stresses — 
Sulphate  water — Tar  absorption — 
Tar  treatment— Tensile  strength- 
Transverse  tests— Uniformity — 
Vibrolithic  concrete— Voids — 
Water-cement  ratios— Weight 
changes — Workability. 
Concrete  aggregate: 

chemical  reactions,  importance 243 

coarse  aggregate- 
sampling 246 

type  and   gradation,  effect  upon  con- 
crete  - 124,  263-274 

qualities  desirable 246 

ratio  of  fine  to  coarse  aggregate — 

relation  to  strength  of  concrete. 263-274 

trend  in  practice.. 11 

requirements  per  cubic   yard  of  concrete, 

various  mi.\es 188, 189 

segregation,  prevention ._ 246 

see  also  Cement-aggregate  ratio — Concrete 
mix— Fineness  moduli— Grading— 
Mechanical  analyses — Proportion- 
ing— Soundness  test — Voids— a/so 
names  of  aggregates. 
Concrete  arches: 

analysis  by  W.  P.  Linton  and  C.  D.  Geisler— 

text  and  r.  to  p 72-88,95-101, 104,  213 

Yadkin  River  Bridge  tests 19,104,124,230 

Concrete  bridges,  see  Bridges,  highway. 
Concrete  culverts,  see  Culverts. 
Concrete  mix,  mixes: 

for  equal  flexural  strength,  vibrolithic  and 

normal  concrete 188 

for  tar  treated  concrete,  recommendation...      119 

practices  in  various  States 11, 12, 14, 120, 263 

relation  to — 

absorption  of  moisture 106, 

108, 109, 181, 182, 185, 186 

absorption  of  protectives. 105-111, 119 

alkaU  resistance  of  concrete 105-107, 119 

voids - 185 

see  also  Concrete  aggregate— Consistency — 
Proportioning — Slump— Water- 
cement  ratios— a/so  names  of  tests. 
Concrete  pavements: 

closing  to  traffic  during  construction,  time..      246 

design,  trend - 9-14,245 

half-width  construction _ 11, 14 

mileages.  Federal-aid  projects  to  and  during 

1926 _ 9,10 

reconstruction,  resurfacing 20 

tests  of  finished  pavements,  methods 246 

vibrolithic  concrete,  tests,  report  by  L.  W. 

Teller  and  C.  E.  Proudley 179-189 

see  also  other  headings  beginning  Concrete — 
also  Base  courses— Belting — Bend- 
ing moments  -  Bituminous  pave- 
ments—Condition surveys — Cor- 
ner formula  —  Corner  loads  — 
Cracks— Cross  sections — Crushed 
stone  concrete— Curing— Curling 
stresses  —  Deflections  —  Deforma- 
tions— Fillers  -  Finishing  —  Flex- 
ural stress  —  Friction  —  Guide 
lines,  traflBc — Hair  cracks — Im- 
pact tests— Joints— Lag — Load, 
loads  —  Moments  —  Roughness  — 
Scaling  —  Shear  —  Stiffness  — 
Stresses  —  Thickened-edge  de- 
sign —  Thickness  —  Thin-edge  de- 
sign—Transverse cracks — Virginia 
demonstration  road. 
Concrete  reinforcement: 

anchoring  to  pile  heads  in  concrete  founda- 
tions, studies 19 

of  arches — 

elasticity,  inertia,  stresses.. 72, 

80, 87, 88, 96, 101, 104 
of  Delaware  River  Bridge  slabs- 
deformations  and  stresses  in  test  slab 

reinforcement __ 160, 

161, 163, 164, 166, 174, 176-178 
type -- 159 
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Concrete  reinforcement— Continued.  Page 

of  pavements — 

Highway  Researcli  Board  studies,  r.,  r. 

to  p 1,  3  (fn),  245 

practices  in  various  States 6, 11-14 

reconstructed  pavements 20 

Concrete  sand: 

bulking - 15. 16, 179,  246,  263 

iron  content,  effect  upon  strength  of  mortar. .      249 
requirements  for  fineness  modulus  calcula- 
tions, various  gradations  of  coarse 
aggregate  (in  New  Jersey  tests)  _   264, 265 

Concrete  shoulders,  use 14,20 

Condensation  of  water: 

by  topsoil  of  southern  Russia.  - 93 

Condition  surveys,  road: 

crack  measuring  instrument  for __.  228,229 

of  surface  treated  roads 134, 197-200 

States  in  which  made  or  planned 3, 

6,20,134,197,213 

working  plan,  outline  and  discussion 1-6 

Congress,  soil,  see  Soil  congress. 

Connecticut   State  Highway   Commission,   see 

Hamlin,  G.  E. 
Conner,  C.  N.: 

low-cost  road  improvement 247, 248 

Conner,  WiUiam  S.: 

consolidation  method,  oiled  roads _..      156 

Conrad,  L.  E.: 

wind  resistance  to  motor  vehicles 245 

Conrow,  A.  D.: 

capping  square  for  concrete  specimens 123 

Consistency: 
of  concrete- 
relation    to    strength,    vibrolithic    and 

normal  specimens 179, 181, 183, 184 

see  also  Concrete  mix,  mixes — Density — 
Flow  —  Slump  —  Water-cement 
ratios. 

of  soils 53,91,92 

Consolidation  of  soils. - 43-50,53 

Contraction: 
of  concrete- 
as  affected  by  setting  and  temperature..  54, 55 
measurement  by  graphic  strain  gauges. .      161 
of  soils,  see  Shrinkage — Volume  change. 
Cores: 

concrete  cores,  see  Compression  tests. 

soil  cores,  tool  for  extracting 94 

Comer  formula,  use,  r 122,187,188,272 

Corner  loads  on  concrete  pavements: 

effects,  r 65,60,187,188 

Corrugated  metal  culverts,  Iowa  studies 247 

Corrugations  and  ruts: 

in   bituminous  roads   and   surface   treated 

roads 14, 125, 

127, 137, 140. 146, 147, 149, 191, 192, 197, 199 

Coutts,  J.  R.  H.,  soil  investigations 92 

Cover  material  for  surface  treated  roads: 

cost  data 143, 197, 198 

types,  application  methods,  etc 126-128, 

131,  132,  138,  141,  144,  145,  147,  154,  156, 
157,  191-193,  195-202. 
Cracks: 

in  concrete  arches 87, 101 

in  concrete  bridge  test  slabs 166-168, 171-175 

in  concrete  pavements — 

development  in  reconstructed  pave- 
ments  20 

in  relief  of  stresses... 55,59 

measuring  instrument,  description 228,229 

prevention  by  joints 10, 11 

see  also  Condition  surveys— Contrac- 
tion —  Expansion  —  Hair  cracks  — 
Impact  tests  —  Stresses  —  Trans- 
verse cracks. 

in  oiled  earth  roads,  r 155 

in  road  surfaces  (general),  relation  to  sub- 
grade  conditions 1-6, 20, 41,  53 

Cross  sections: 

of  concrete  pavements,  design 9-12,20,245 

Crossings,  grade,  see  Grade  crossings. 
Crowns: 

of  hard  surfaced  pavements,  design,  trend. .7, 12,20 

of  oil  treated  earth  road,  height,  r 157 

Cram,  R.  W.: 

culvert  investigations 247 

proportioning  concrete  aggregates  by  weight 

(article) 15-18 

Crushed  rock  and  gravel  roads: 

asphaltic  oil  treatment,   Oregon  and  Cali- 
fornia practices 125-158,248 

construction  methods,  traffic  bound  roads 125, 

128, 130 

cost  data,  oil  treated  and  untreated  roads.  126-130, 

132, 142-147, 149, 155-1.58 

losses  under  traffic 14, 

126, 126, 129, 130, 132, 133, 142-146, 147, 149, 153 
maintenance  methods  and  costs,  oil  treated 

and  untreated  roads 125-129, 

131-133, 142, 144-147, 149, 156, 215,  248 
traffic  capacity,  oil  treated  and  untreated 

roads 63, 126, 128-130, 143, 146 

untreated  roads  as  uneconomical...  126, 129, 130, 248 
see  also  Gravel  roads. 
Crushed  stone: 

as  covering  material,  surface  treated  topsoil 

roads 191-193, 195-198,  200,  201 

costs — 

data,  surface  treated  roads 128, 129, 197 

production  costs,  circular,  announce- 
ment  104 


Crushed  stone— Continued.  Page 

mechanical  analyses,  r.  to  p _ 34  (fn) 

sizes — 

for  concrete  aggregate.  New  Jersey  re- 
quirements      264 

for  macadam  aud  bituminous  macadam 

roads 14,32,34,35,245 

for  untreated  and  surface  treated  low 

type  roads _._ 125, 

128, 130, 146,153, 191-193, 195, 197, 198, 200, 201 
standard  sizes,  report  by  F.  H.  Jackson.  32-35 
see  also  headings  beginning  Crushed  stone— 
also   Concrete   aggregate— Mixed- 
in-place     road     surfaces— Screen- 
ings—Stone  subbases. 
Crushed  stone  concrete,  comparative  tests  (New 
Jersey),  crushed  stone  and  gravel 
concrete — 

report  by  F.  H.  Jackson 263-274 

Crushed  stone  plants,  survey,  review 32,33 

Crushing  strength,  see  Compression  tests. 
Culverts: 

design 8,119 

deterioration  and  rating  method 247 

Iowa  investigations 113-119,247 

location,  r.  to  p __ i04 

static  and  impact  loads  transmitted  to 113-119 

see  also  Earth  pressure— Sulphate  water. 
Curing: 

of  concrete  and  of  mortar  specimens,  methods 

in  various  tests .  105, 

109,  HO,  119, 120, 160, 168, 179.  203-212,  249,  266,  267 
of  concrete  pavements,  discussion.  Highway 

Research  Board 245,246 

Curling  stresses  aud  deflections  in  concrete  roads.  65-60 
Curvature  changes  in  arch  ribs,  concrete  bridge 

under  load,  studies 104 

Curves  (highway),  design,  trend 7,8,62 

Cushioning  properties  of  road  and  wheel  types 

under  impact,  studies 124 

Cuts: 

effects  upon  landslides... 23,29-31 

see  also  Power-shovel  operation. 

D 

Dachnowski,  A.  P.,  peat  investigations 91,94 

Dalles-California  Highway  oiled  surface...  133, 138, 140 

Darcy's  law,  application  in  soil  studies,  r 44,45 

Davis,  George  W.: 

tests  of  Delaware  River  Bridge  floor  slabs, 

report 159-178, 189 

Davis,  T.  M _ 138 

Dayton,    R.    B.,   solution   for  cement   mortar 

briquette  molds 119 

Deflections: 

in  bituminous  pavements,  suggested  investi- 
gations          3 

in  concrete  arches,   Yadkin  River  Bridge 

studies..- 104,230 

in  concrete  floor  slabs  and  in  I  beams,  Dela- 
ware River  Bridge  tests 160-178, 189 

in  concrete  pavements,  caused  by- 
temperature  variations _ 54-60 

wheel  loads,  r.  to  p 54 

in  macadam  pavements,  suggested  investiga- 
tions          3 

Deformations: 

in  concrete  arches^ 

Yadkin  River  Bridge  studies.. 104,230 

see  also  Concrete  arches, 
in  concrete  bridge  slabs,  I  beams,  and  rein- 
forcing trusses 160, 

163-166, 168, 169, 173-176 
in  concrete  pavement  slabs — 

computations _ 55, 181 

suggested  investigations. 3 

in  copper  cylinders  as  functions  of  loading 

tanks  in  bridge  tests 230 

Deformeter  method,  deformeter  gauges,  use,  r.  104, 230 
Delaware  River  Bridge  floor  slabs: 

tests,  report  by  George  W.  Davis 159-178, 189 

Delaware  River  Bridge  Joint  Commission: 

suggested  analysis,  concrete  bridge  slabs..  177, 178 
Density: 

of  concrete- 
increase  by  formation  of  calcium  carbon- 
ate       105 

relation  to  deterioration  of  concrete  pipes       93 
see  also  Consistency — Voids, 
of  traffic,  see  Traffic  studies. 

Desert  roads,  oil  treatment 156, 157 

Design,  highway: 

practices  in  various  States.. 6, 11-14,20 

Structural  design,  Highway  Research  Board 

discussion 245 

trend,  report  by  A.  G.  Bruce  and  R.  D. 

Brown 7-14,20,35 

Deterioration,  disintegiation: 
of  concrete  because  of— 

alkali 105-107 

freezing. 182,186,226 

soil  conditions 93,94 

sulphate  water 203-207,213 

of  sedimentary  rock  in  test 225,226 

Deval  abrasion  tests  of  sedimentary  rock,  results.     226 
Diphenylamine,  temperature  equation  in  dis- 
tillation test  of  tars 107 

Disintegration,  see  Deterioration. 
Distillate  requirements: 

of  tars  for  protection  of  concrete... 107 


Distillation:  Page 

of  tars  and  oils  used  in  surface  treatment  .         131, 

T^•  *•„  *■      ^    .  154,196 

Distillation  test: 

of  tars  as  concrete  protectives,  specifications.      107 
Distributors: 

types  used  in  oil  treatment  of  Western  roads.     131, 

Dokoutchaev,  V.  V.,  soil  investigations '   90 

Dolomite: 

as  concrete  aggregate,  proposed  studies 124 

as  cover  material  for  surface  treated  roads.  195, 200 

geographical  distribution  of  test  samples 229 

soundness  test  and  absorption  test  results..  22.5, 227 
Dowels,  use; 

practices  in  various  S  tates.  _ 11-13 

Dragging: 

costs,  oiled  earth  roads,  California 157 

methods  and  equipment,  treated  and  un- 
treated low-cost  roads...  125, 
126, 128, 130, 142, 143, 147, 15J-157, 195 
Drainage: 

investigations  auxiliary  to  subgrade  studies.  1-4, 6 

practices  in  various  States 6 

see  also  Drainage  properties  of  soils— Drain- 
tile — Landslides. 

Drainage  properties  of  soils 92 

Draintile,  tile  drains: 

experiments.  South  Dakota 203-212 

use  — 

determination 245 

r 6 

Drilling: 

in  broken  stone  production,  costs,  r.  to  p 104 

see  also  Power-shovel  operation. 
Dumping,  low-cost  road  construction: 

specifications 128 

Dunlap,  Prof.  Knight: 

psychology  in  accident  prevention 244 

du  Pont,  T.  Coleman: 

financing  of  investigations 247 

Dust: 

palliation  by — 

bituminous  treatment 127, 

130, 141, 143-145, 147, 155, 158, 191 

calcium  chloride  treatment 143, 144 

screening  from  mulching  in  oil  treatment  of 

roads... 141, 144 

Dye  adsorption  numbers,  dye  adsorption  test,  of 
soils: 

useinsoU  classification 2,41,53, 192,194 

Dynamometer,  Rothamsted 94 

V 

Earth  fills: 

failures  in  landslide  areas 21-23, 30, 31, 35 

in  swampy  sections,  Minnesota  practice 6 

see -also  Culverts— Power-shovel  operation. 
Earth  pressure  on  culvert  pipes: 

r.  to  p.  (with  correction) 35 

Earth  roads: 

costs     (construction     and     maintenance), 

treated  and  untreated  roads 126, 

128-130, 132, 133, 142-147, 149, 
155-157, 197, 198,  201,  247,  248 
Highway  Research  Board  investigations..  247, 248 
mileages,  Federal-aid  projects,  to  and  during 

1926 9, 10 

surface  loss  under  traffic...  126, 129, 130, 132, 149, 248 
see    also    Chert  roads — Crushed    rock    and 
gravel  roads— Surface  treatment— 
TopsoU  roads— Traffic  capacity  (of 
low-cost  roads). 
Edge,  edges: 

of  bituminous  macadam  pavements,  protec- 
tion        14 

see  also  Deflections— Stresses   (in   concrete 
pavement  slabs)  — Thickened-edge 
design— Thin-edge  design. 
Elasticity: 

of  certain  porous  materials 50 

of  soils -.  41, 42, 52, 53, 91, 92 

theory  of,  in  computation  of  stresses  in  con- 
crete roads.. _ 54-60 

see  also  Concrete  arches— Modulus,  moduli. 

Electric  charge  in  soil  particles 93 

Electro-endosmose,  effect  on  friction  between  wet 

soil  and  steel 92 

Eliot,  WiUiam  G.,  3d: 

grade-crossing  accident  Investigations 231- 

242, 244,  245 

Elutriation  losses  in  tests  of  binder,  Oregon 133 

Eno,  Prof.  F.  H.,  slaking  value  test,  r... 2  (fn) 

Erosion  (stream),  relation  to  landslides 24, 27-31 

Evaporation: 

of  alkali  solution  in  concrete-alkali  tests...  105, 106 
of  tar,  relation  to  tar  absorption  by  concrete- 
alkali  specimens 109 

Evaporator^  Brown 154 

Expansion  joints,  see  Joints. 
Expansion  of  concrete: 

coefficient  of  temperature  expansion  in  anal- 
ysis of — 

arches 72,101 

stresses,  pavement 54-57 

Expenditures,  highways,  see  Federal-aid  .  .  . — 

Rural  highway  (financing). 
Experimental  roads,  experimental  stations: 

in  Russia 90 

see  also  Bates  test  road— Surface  treatment — 
Virginia  demonstration  road. 
Extensometer,  use,  r 183 
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Farm-owned  motor  vehicles 62,221-223 

Fatigue  of  concrete: 

stress  producing  foilure,  percentage  of  modu- 
lus of  rupture - 187 

Fauser,  drainage  properties  of  soils. 92 

Federal-aid  funds,  statistics.-,  rear  covers  of  Nos.  1-12 
Federal-aid  highway  construction: 
mileages— 

by  road  types,  completed  to  and  during 

1926... -.- - 9, 10 

by  States,  completed  and  projected,  1917- 

1928. rear  covers  of  Nos.  1-12 

see  also  Ohio  highways— Vermont  high- 
ways. 
Federal-aid  highway  expenditures: 

percentage  of  entire  rural  highway  bill 246 

statistics rear  covers  of  Nos.  1-12 

Federal  Specifications  Board,  r _._ 35 

Fees,  see  Registration  fees. 
Ferrous  sulphate  in  mi.fing  water: 

effect  on  compressive  strength  of  mortar 248,  249 

Fertilizers: 

effect  on  permeability  of  .soil 92,93 

Field  tests  of  soils: 

by  Russian  scientists 90,92 

r.  top... -.-.  3(fn) 

superiority  to  laboratory  tests -_-  90,92 

Fillers: 

for  surface-mi.\ed  roads... 146 

for  traffic  bound  roads,  r 128 

joint  fillers  (bituminous),  use  in — 

brick  pavements..- 14 

concrete  pavements ..- 11, 13 

Fills,  earth,  see  Earth  fills. 
Finance,  highway; 

discussion.  Highway  Research  Board  meet- 
ing  246 

see  also  Federal-aid... — Gasohne  tax— Regis- 
tration fees — Revenues,  highway- 
Rural  highways. 
Fineness  moduli  of  concrete  aggregates: 

"maximum  size"  in  design  calculations  by 

fineness  modulus  method -  -  264, 265 

used  in  tests - -.  20.3,  208,  211(fn),  265 

Fines  in  oil  treated  roads 128, 137, 153 

Finishing: 

of  concrete  pavements,  methods — 

r-.- --      246 

relation  to  strength  of  vibrolithic  and 

of  normal  concrete 179, 181, 184, 186 

of  hard-surfaced  pavements,  trend  in  prac- 
tice, r. - 7 

Flash  point: 

of  oils  for  surface  treatmen  t  of  roads 154, 1 96 

Fletcher,  A.  B.: 

and  William  G.  Eliot,  3d— 

grade  crossing  accidents  in  1926,  report.  231-242 

motor  vehicle  accident  investigations 244 

Flexural  strength  of  concrete: 

as  criterion  of  quality --  120, 264 

see  also  Bending  moments — Flexure  tests. 
Flexural  stress  in  concrete  slabs: 

allowable  stress  in  comer  formula 272 

Flexure,  theory  of: 

in  computation  of  stresses  in  concrete  arches.     101 

Flexure  tests  of  concrete 120-122, 

124, 179-189,  263-269,  272,  274 
Float  test  results: 

tars  and  oils  for  surface  treatment  of  roads. .      196 

Flocculation  of  soils - - 93 

Flow: 

of  concrete — 

in  various  test  specimens-.- 159, 

168, 179, 181, 184,  265-270 
see  also  Plastic  flow, 
of  soil,  effects  upon  roads  and  foundations...       41 
of  trafBc,  see  Trallic  flow. 

Fog,  effect  upon  grade  crossing  accidents 242 

Freckmann,  drainage  properties  of  soils 92 

Freeman,  P.  J.,  concrete  pavement  construction.      246 
Freezing: 

of  conciete   (vibrohthic  and  normal),   test 

results - -...  181-183,186 

of  soils 3,41 

see  also  Frost  action. 
Freight: 

cost  data  in  surface  treatment  of  roads.  132, 157, 197 

Fresnoes,  use  in  power-shovel  operation 251 

Frickstad,  W.  N.  (collaborator): 

light  asphaltic  oil  road  surfaces,  report 125-158 

Friction: 

between  concrete  slab  and  subgrade,  effect..  54,55 
between  fill  and  sides  of  culvert,  prevention 

of  support 114 

between  tire  and  roadway  surface,  coelDcient.      245 

between  wet  soil  and  steel,  coeflicient 92 

in  soils 45,46,92 

Frost  action: 

as  cause  of  landslides 29-31 

effects  upon— 

oil  treated  roads , 134, 137, 138, 141, 145 

rook  (sodium  sulphate  soundness  test)  225-227, 

229 
frost-boil  failures  in  pavements,  Minnesota 

treatment 6 

see  also  Freezing. 
Fuel  costs  in  surface  treatment  of  roads.  South 

Carolina _ 197 

Fuel  oil  treatment  of  Western  iroads,  methods.  125-158, 

248 
F  unds,  highway,  see  Federal-aid  .  .  . — Gasoline 
tax— Registration  fees— Revenues, 
highway. 
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Ga,soline  consumption - 40, 129,  214 

Ga,soline  tax: 

receipts  and  miscellaneous  data 19,40,214,246 

Gauges,  see  Beggs  deformeter  gauges — Berry 
strain  gauges— Graphic  strain 
gauges. 

Gedroiz,  investigations,  r 91 

Geisler,  CD.  (collaborator): 

analysis  of  concrete  arches,  report.  72-88,  fl.'J-lOl,  104 
Georgia  State  Highway  Department: 

low-cost  road  investigations,  r -.- 248 

Gervais,  B.  V.,  investigations- 90 

Gessner,  11.,  investigations 93 

Giesecke,  F.  E.,  r.,  r.  to  p 102,  248  (fn) 

Gila  clay,  Gila  clay  loam,  permeability 92,93 

Gilboy,  G.,  investigations- 41 

Glinka,  K.  D.,  investigations --  90,91 

Gneiss: 

as  covering,  surface  treated  roads 195 

power-shovel  operation  data 255,262 

Goldbeck,  A.  T.: 

committee  report,  summary 245 

r.  to  p 56  (fn),  181  (fn) 

Grade  crossings: 

accidents 124,231-242,244,245,247 

economic  loss 247 

elimination 8,  9,  61,  62,  214  (fn),  234 

number  in  United  States --      231 

protection 235,  236 

Grade-line  treatments,  highway  bridges,  r.  to  P-      104 
Graders,  operating  methods  in  construction  of 

treated  and  untreated  roads 128, 

146-149, 155-157,  193-195,  202 
Grades,  highway: 

design,  trend  (ruling  grades,  compensation) .      7, 8 
Grading: 

highway  grading— 

power-shovel   operation,   report   by   T. 
Warren    -\lleu    and    Andrew    P. 

Anderson  (Parti) 251-262,274 

practice  in  construction  of  treated  and 

untreated  roads 126, 

128,  130,  141-144,  146-149, 155-157, 193-195, 

202 
of  l)ase  course  material  for  cru.shed  rock  and 

gravel  roads,  specifications 128 

(if  concrete  aggregate — 

effects  in  concrete-alkali  test  specimens..      107 
effects    in    relation    to    proportioning 

method 10,274 

ideal  grading -.- .-.       34 

relation  to— 

quantities  and  costs  of  materials  re- 
quired  34,272-274 

workability  and  ease  in  finishing 35 

yield  and  strength  of  concrete 34, 

35, 124,  263-274 
sizes  suggested  for  crushed  stone  aggre- 
gate-  34,35 

see  also   IMechanlcal   analyses — Propor- 
tioning, 
of  crushed  stone,  standard  sizes,  report  by  F. 

U.  Jackson --- 32-35 

of  mineral  aggregates  for  bituminous  concrete 

pavements,  requirements,  r 14 

Granite: 

as  concrete  aggregate,  research 124 

as  covering,  surface  treated  roadS- 195,200 

disintegrated  granite— 

as  binder  for  gravel  road 147 

as  subgrade  admixture 6 

as  subgrade  for  gravel  road-- 147 

Graphic  strain  gauges: 

description  and  use  in  tests- 160-178, 181 

reliabdity --.      177 

Gravel: 

as  concrete  aggregate — 

New  Jersey  requirements 264 

l)roposed  research ^- 124 

see  also  Gravel  concrete. 

as  subgrade  admixture 6 

cementitious  gravel,  Columbia  River  High- 
way  - 137, 138 

power-shovel  operation  data.. 255, 259-262 

Gravel  concrete,  comparative  tests  (New  Jersey) 
of  crushed  stone  and  gravel  con- 
report  by  F.  H.  Jackson 203-274 

Gravel  roads: 

bituminous  treatment 20, 125-158, 248 

mileages,  Federal-aid  projects,  to  and  during 

1926 -- --     9,10 

sizes  of  gravel  used,  trend  in  practice 14 

studies-- -.- - 245,248 

see  also  Crushed  rock  and  gravel  roads. 

Gravel  subbases 6 

Gravelly  soils: 

serviceability  as  road  material.. 155, 166 

use  as  subgrade  for  gravel  roads 147 

see  also  Topsoil. 
Gravity,  see  Oils  (test  results)— Specific  gravity. 
Gray,  B.  E.: 

puddle  macadam  road  construction 248 

Griflath,  J.  H.: 

pressure  on  culverts 113 

Ground  water  level: 

lowering,  in  estimating  drainage  properties 

of  soil 92 

Guard  rails,  design,  trend 8 

Guide  lines,  traffic: 

joints  in  concrete  pavements.. 7, 11 

Gumbo,  time-compression  curves 42-44 


Gumbo  subgrades: 

use  of  subbases  on  (Kansas) 

"  Gyp  "  water  (in  mixing  water) : 

etTect  on  compressive  strength  of  mortar.  _ 
Gypsum: 

formation  and  destructiveness  in  concrete. 

in  soil,  effect  upon  cement  pipes 


248,  249 


105 
93 


H 

Haggard,  H.  H.: 

protective  treatment,  concrete 119 

Hair  cracks,  development: 

in  concrete  bridge  slabs  under  loading  point.    166- 
168, 171-173, 175 

in  concrete  pavements  (checking),  from  early 

belting 246 

Hamlin,  G.  E.,  highway  traffic.  _. 246 

Hardening  rate  of  paving  concrete: 

factors  affecting,  research 120 

Hardpan  layer,  factor  in  soil  classification 91 

Harpenden,  England,  soil  investigations 92 

Haul  length  of  motor  truck  traffic: 

as  factor  in  ratio  of  truck  transportation  to 

railroad  transportation.. 102,103 

Vermont  survey  data 221-223 

Hauling: 

in  crushed  rock  and  gravel  road  construction, 

specifications. 128 

see  also  Power-shovel  operation. 

Hayashi,  K.,  tables,  r.  to  p 58  (fn) 

Headlights,  motor  vehicle: 

as  cause  of  grade  crossing  accidents- -.      242 

specifications,  discussion 244 

Hendrick,  J.,  soil  studies 91 

Highway  planning,  see  Improvement,  highway. 
Highway  Research  Board  of  the  National  Re- 
search Council: 

organization 243 

r.,  r.  to  p 1,  2  (fn),  3  (text  and  fn),  6,  54,  55  fn) 

seventh  annual  meeting  report  by  A.   C. 

Rose- 243-248 

Hogentogler,  C.  A.: 

concrete  reinforcement,  r.  to  p 3  (fn) 

subgrade  studies 1-6,20,248 

Holland,  Maurice,  selling  research 247 

Honeycombing,  effects  in  vibrolithic  and  in  nor- 
mal concrete 184-186 

Hoppers: 

for  proportioning  of  concrete  by  weight 17, 18 

Horse-drawn  vehicles,  survey  data 65, 215 

Hydraulic  gradient: 

relation  to  permeability  of  soils 43-45 

Hydrogen  peroxyd  treatment  of  soil  samples 92 

Hydrostatic  pressure  in  soil 44 

Hygroscopic  water  content  of  soil 92,9?. 


I  beam  reactions  in  bridge  slab  tests: 

measurements.. 160-17-  ,-<" 

Idaho  motor  vehicle  revenues,  disposition is 

Idaho  State  Highway  Department: 

asphaltic  oil  treatment  of  roads ...      :26 

Immersion  periods: 

in  absorption  tests  (various)  of  concrete     ..     105- 

110.  !81,  270 
in  sodium  sulphate  soundntss  test  ( I  rock..      225 
Impact  adowance  in  design  1  lad  in  conciete 

bridge  test  slabs.. 174 

Impact  fatigue  in  concrrtebridpe  test 'kits 165- 

167, 174-176 
Impact  loads  transxuilted  to  culvert?: 

Iowa  determinations- 113-119 

percentages  of  calculated  staiii  iosds.. 118 

Impact  machines,  inipactiecorr'     ^  instruments     113, 

116,124,161-163 
Impact  of  truck  wh-el  on  r<iven-.ent: 

as  affected  by  road  surface 124,245 

as  affected  by  !iretypo 67,124,219 

Impact  tests: 

of  concrete  bridge  slabs 159-178,189 

see  also  other  headings  beginning  Impact. 
Impregnations,  concrete: 

types  used  and  effects  observed  in  concrete- 
sulphate  water  tests 206,212 

Improvement,  highway: 

classification  of  highways— 

by  weight-carrying  capacity - 246 

in  Ohio 63 

in  Vermont 224,229 

Highway  Research  P(  ard  studies... 245-248 

planning  of  programs  - 

Cleveland,  Ohio,  planning  survey 213 

factors  affecting. 61 

Ohio  survey  data 61-71,88 

relation  to  motor  bus  and  motor  truck 

traffic 62, 67,  68,  219,  220 

Vermont  survey  data... 215-224,229 

see  also  Surface  treatment. 
Inertia,  see  Moments. 

Inertol,  use  in  surface  treatment  of  concrete 203, 

207,  210,  212 

Integrator,  mechanical,  use,  r 183 

International  Society  of  Soil  Science -    89 

Interstate  Commerce  Commission: 

grade  crossing  accident  data 231, 

232,  234,235,238,241 
Inundation  method  in  moisture  determination, 

concrete   sand,   r 246 

Iowa  State  College,  research: 

culverts - 113-119,  247 

transportation  costs— 

on  gravelroads.. 129 

wind  resistance  to  motor  vehicles... 245 

see  also  Crum,  R.  W.— Schlick,  W.  J. 
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Iowa  State  Highway  Commission,  see  Cruni, 

R.  W.— Root,  W.  H. 
Iron  salts,  effects  upon  mortar  and  concrete: 

research  recommendation 249 

Ironite,  use  as  concrete  admixture 203,205,209 

Irrigation  by  condensation,  in  Russia 93 

Isabella,  N.  M..  r.  to  p_ 146  (fn) 

Ivanova,  Miss  Mary  V.,  soil  studies 250 

J 

Jackson,  F.  H.,  reports: 

crushed  stone  and  gravel  concrete,  compara- 
tive tests 263-274 

quality   of   Portland   cement,   effect   upon 

strength  of  concrete 120-122 

standard  sizes  of  crushed  stone _ 32-35 

Jaenert,  soil  investigations 92 

Janota,  R.,  soil  investigations 92 

Jewett,  Frank  B.: 

value  of  research 243 

Johns  Hopkins  University: 

graphic  strain  gauge  tests,  r.. 177 

Johnson,  A.  N.: 

r.  to  p 183  (fn) 

traffic  studies 244,247 

Joint  fillers,  use,  trend 11, 13, 14 

Joints: 

in  concrete  pavements — 

longitudinal  joints _ 7,10,11, 13,245 

partial  joints 11 

spacing.- 6, 13,55  (fn) 

transverse  joints 11, 13,245 

types  used  in  various  States 11, 13 

width 13 

in  Delaware  River  Bridge  slabs 159 

in  rock  strata,  relation  to  landslides...  22-25,30,31 


Kansas  Department  of  Highways,  see  Conrow, 

A.  D. 
Kansas  State  Agricultural  College: 

wind-resistance  investigations 245 

Keen,  B.  A.,  soil  investigations 92 

Kellogg,  Vernon,  address  of  welcome,  r 243 

Khmyznikov,  P.  K.,  soil  maps 90 

Kirk,  H.  J.: 

low-cost  roads 247 

traffic  studies 61,247 

Klein,  Roy  A.,  oiling  of  Oregon  roads 130  (fn) 

Koehn,  M.,  soil  analysis  tool 94 

Kopecky,  soil  investigations 92 

Krynine,  Prof.  Dmitry  P.: 

r - 91 

shale-likeness  of  clay  particles  (article) 250 

L 

Labor  cost: 

in  placing  of  gravel  concrete  pavements,  r  ._      273 
in  surface  treatment  of  roads 143, 140, 157, 197 

I>add,  George  E.: 

broken  stone,  production  costs,  r.  to  p 104 

landslides  and  their  relation  to  highways, 

report  (Part  I) 21-31,35 

Lag: 

in  compression  in  soils  under  pressure 43 

in  concrete  slab,  I  beams,  and  reinforcing 

trusses  in  bridge  slab  tests.  .  163-165, 176 
in  power-shovel  operation 259 

Land  values,  rural: 

relation  to  road  development 246 

Landslides,  research: 

r -.- 245 

report  (Part  I)  by  George  E.  Ladd 21-31,35 

Lebedev,  A.  F.,  soU  mapping 91 

Leedom,  A.  J.,  oil  treatment  of  roads 155 

Levedoff,  A.  F.,  irrigation  by  condensation  in- 
vestigations  -.- 93 

Lewis  Institute,  Chicago,  r.,  r  to  p 121 

License  fees,  see  Registration  fees. 

Licenses  and  permits,  motor  vehicle: 

refusal  to  color-blind  persons 244 

statistics,  1926 38,39 

see  also  Registrations. 

Lights,  motor  vehicle: 

discussion,  Highway  Research  Board 244 

Lime: 

hydrated  lime  as  concrete  admixture 12(fn),  13 

1.  carbonates,   formation  in  concrete-alkali 

test  specimens 105,106 

loss  in  concrete-alkali  test  specimens 105 

Lime  content: 

of  soils,  factor  in  soil  classification 91 

of  West  Virginia  shales _ 22 

Limestone: 

geographical  distribution  of  test  samples 229 

in  landslide  areas  (West  Virginia  and  Ohio)..       22 

29, 31 
soundness  test  and  absorption  test  results..  225-227 
see  also  Chats— Limestone  aggregate. 

Limestone  aggregate: 

research _ _ 124 

use  in  vibrolithic  concrete  specimens 179 

Limestone  covering: 

use  for  vibrolithic  concrete  specimens 179 

Limiting  values,  see  Cementing  value — Lineal 
shrinkage  percentages  —  Liquid 
limit — Moisture  equivalent  per- 
centages. 

Lineal  shrinkage  of  clay  samples,  r.  to  p 42(fn) 

Lineal  shrinkage  percentages: 

of  binder  on  Oregon  roads 133,136-139 

of  good  subgrade  soils,  limiting  value.  1, 6, 137, 149 

20064—30 2 


Linton,  W.  P.,  and  C.  D.  Geisler:  Page 

analysis  of  concrete  arches,  reports — 

announcement..- 213 

P.rts  I  and  II 72-88,95-101, 104 

Liquid  limit  of  soils: 

discussion _.- -.- 41, 42,  ."iS 

loams,  condition  survey  data 5 

research  auxiliary  to  road  surveys,  r 2 

topsoil  surfacing.  South  Carolina 192, 194 

Lloyd,  M.  G.: 

motor  vehicle  equipment,  standardization...     244 
Load,  loads: 

application  method  and  applied  loads  in  tests 
of— 
bearing  power  of  soils,  proposed  research..         2 
cement  mortar  beams  (vibrolithic  con- 
crete tests) - 181, 184 

compressibility  of  soils  (load  curves) 41-53 

concrete — 

as  affected  by  quality  of  cement-.  121, 122 
Delaware  River  Bridge  slabs..  159-178, 189 
vibrolithic  and  normal  specimens..  179-183 

loads  transmitted  to  culverts 113-118 

Yadkin  River  Bridge 104,230 

of  motor  trucks  using  highways — 

limitation,  Ohio 62 

surveydata 62, 

67-70, 217  (fn),  219, 220, 222-224, 248 
on  concrete  arches — 

effects,  analysis 72-88,95-101,104 

on  concrete  pavements- 
corner  formula,  application  in  tests 187, 272 

four-wheel  and   six-wheel  trucks  com- 
pared  -.- 245 

maximum  load  as  determining  design...     245 
transmitted  to  culverts — 

formula 113, 119 

Iowa  determinations -- 113-110 

see  also  headings  beginning  Impact— ateo 
Bearing  power — Compression  tests 
—Corner  loads — Deflections — Def- 
ormations— Flexure  tests — Static 
load  tests — Stresses. 
Loams: 

power-shovel  operation  data 255, 

256, 258, 259, 261, 262 

serviceability  as  subgrades 20 

test  data  in  condition  survey - 5 

Long,  John  C: 

motortruck  accidents 244 

Lord,  E.  C.  E.: 

protection  of  concrete  against  alkali,  report..    105- 

112, 119 
Los  Angeles  harbor  concrete  viaduct: 

tar  treatment - - 112 

Losses,  road  metal,  see  Metal  losses. 
Lough,  T.  J.: 

tar  treatment  of  concrete  bridge  pier 110,  111 

Lumnite  cement,  use  in  capping  concrete 123 

M 

Macadam  pavements: 

bituminous  treatment  of  subgrade 20 

crushed  stone  sizes - 32,34,35 

gravel  subbases  (Rhode  Island) 6 

•  impact  tests,  proposed - 124 

mileages.  Federal-aid  projects,  to  and  during 

1926... - 9, 10 

puddle  macadam  pavements — 

construction  and  maintenance  costs 248 

reconstruction  methods,  Maryland 14,20 

see  also  Bituminous  pavements. 
McCoIlum-Peters  strain  telemeter: 

description  and  use - 117, 118 

McCooI,  M.  M.,  soil  investigations 91,93,94 

McCullough,  C.  B.: 

bulletin,  announcement. 104 

McKay,  J.  Gordon: 

low-cost  roads,  traffic  capacity  and  service . .      248 
reports  of  transportation  surveys- 
Ohio.- --.-  61-71,88 

see  also  Ohio  highways. 

Vermont -  215-224,229 

rural  land  values  and  road  development 246 

rural  roads,  motor  vehicle  traffic  on 246 

traffic  flow  recording  device,  r - 247 

McKesson,  C.  L.: 

light  asphaltic  oil  road  surfaces: 

paper.  Highway  Research  Board  meet- 
ing (digest) 248 

report  (W.  N.  Frickstad,  collaborator)..  125-158 
Jtagnesium  content  of  soils: 

effect  upon  cement  pipes 93 

Magnesium  salts,  see  Salts. 
Maintenance: 

of  bridges  (highway),  r.  to  p 104 

of  highways- 
crushed  stone  sizes  used 34 

methods  for— 

surface  treated  earth  and  metaled 

roads 126, 127, 

131-133, 145, 155, 195, 197, 199-202 
untreated'earth  and  metaled  roads..     125, 
126, 128, 130, 143, 147 
patrol    maintenance    of   surface  treated 

roads 127,131,132,142,145,197,201 

studies,  r 247.248 

Maintenance  costs,  highway: 

financing  from  motor  vehicle  and  gasoline 
tax  receipts — 
allocations  to  State  highway  funds,  sta- 
tistics  -.  37,39.40,190,214 

in  Idaho  and  Utah 19 

of  puddle  macadam  roads 248 


Maintenance  costs,  highway— Continued.  Page 

of  Georgia,  sand-clay  roads 248 

of  surface  treated  earth  and  metaled  roads         l"'? 

132. 133, 142, 14.5, 146,  155-157. 198",  201,  202 

of  untreated  earth  and  metaled  roads  120 

128-130, 132, 133, 142, 144, 146, 149. 191, 248 

Makarevich,  V.  S.: 

soil  studies,  r.  to  p 90 

Maps: 

road  maps,  Russian,  scope 90 

soil  maps,  r.,  r.  to  p 4  90  91 

Marble: 

geographical  distribution  of  test  samples 229 

soundness  test  and  absorption  test  results    225. 227 
Marbut,  C.  F.: 

soil  classification  method 91 

Marked  highways,  see  Routes,   United  States 
numbered. 

Marl  sampler 94 

Marston,  Dean  Anson: 

r.  to  p.  with  correction- 35 

Maryland  State  Roads  Commission: 

proposed  condition  survey f, 

reconstruction  methods,  macadam  roads 20 

Mason,  Clyde,  r.  to  p.,  r 113  (fn),  117 

Mass  diagrams  in  power-shovel  operation: 

recommendation 251 

Massachusetts  Institute  of  Technology,  see  Gil- 
boy,  G.— Terzaghi,  Dr.  Charles. 
Mats,  bituminous: 

formation  on  surface  treated  roads 126, 

127,141,195,196,199-202 
Mattimore,  H.  S.: 

committee  report,  summary 245,240 

Mattson,  Saute,  soil  investigations 93 

Mechanical  analyses: 

of  binder,  Oregon  roads 1.33, 134, 137 

of  concrete  aggregates  used  in  tests 121,264,265 

of  concrete  samples  from  newly  constructed 

roads,  Iowa  investigations 16 

of  cover  material,  surface  treated  roads 195 

of  crushed  stone — 

factors  affecting  screening 32.33 

r.  to  p 34  (fn) 

tolerances 33-35 

of  fill  material  used  in  culvert-load  tests 113 

of  granular   materia!    in   topsoil   surfacing 

(South  Carolina) 194 

of  soil — 

apparatus  for  performing 93 

discussion,  soil  congress 93,94 

in  estimating  drainage  properties. 92 

of  surface  samples,  oil  treated  roads -     134, 

135, 140, 150-153, 155, 150, 158 
see  also  Fineness  moduli — Grading. 
Medicine    Lake    experiments,    concrete    speci- 
mens   203-213 

Metal  losses  under  traffic,  untreated  roads: 

costs,  depths,  and  prevention 14. 

^  126-130, 132, 133, 142-147, 149 

Meter,  radius: 

description  and  use  in  test 230 

Mica  content  of  soils,  effects: 

upon  base  material,  surface  treated  roads 248 

upon  topsoil  road  surfaces 192 

various  effects  investigated 41^3,92 

Michigan  studies,  see  Bouyoucos,  G.  J. — Burton, 
V.  R.— Jackson,  F.  H.— McCool, 
M.  M.— Musselman,  H.  H. 
Mileages: 

of  highways,  see  Federal-aid  highway  con- 
struction—Ohio    highways— Ver- 
mont highways, 
vehicle  mileages,  see  Motor  vehicles — Traffic 
studies  (in  Ohio — in  Vermont). 
Miller,  Dalton  G.  (report): 

sulphate  water,  action  on  concrete 203-213 

Minnesota  studies,  see  Miller,  Dalton  G. 
Missouri  studies,   see   Owens,    C.    P. — Reagel, 

F.  V. — SoU  samplers. 
Mix,  concrete,  see  Concrete  mix. 

Mixed-in-place  road  surfaces. 126-128, 146-154, 248 

Mixing  methods,  surface  treatment,  see  Surface 

treatment. 
Modulus,  moduli: 
of  elasticity— 

of  concrete 54-57, 

72, 74, 80, 159, 168, 181-183, 185, 186, 230 
of   reinforcing   steel,    in   concrete   arch 

analysis 72,80 

of  reinforcing  trusses,  test  bridge  slabs...      159 
Young's  modulus,  see  Concrete  arches, 
of  rupture — 

of  cement  mortar  in  vibrolithic  concrete 

tests 181 

of  concrete 121,122, 

180, 181, 183-188, 246, 266, 208, 209, 272 
of  subgrade  reaction  in  concrete  pavement 

stress  computation 55-60 

Moist  closet  storage  of  concrete: 

time  in  storage,  various  specimens.  208-212, 249, 266 
Moisture  absorption: 

by  cement  mortar  specimens —  108.109,212 

by  concrete  specimens 105. 106. 108, 109, 

119, 181, 182, 185, 186,208-211,270,274 

oy^rock,  relation  to  soundness 225-227 

Moisture  conditions,  effects  upon  subgrade  soils: 

investigations,  r -      245 

Moisture  content: 

of  concrete,  changes  as  cause  of  cracks,  r 54 

of  concrete  sand — 

field  determinations,  r 246 

relation  to  cost  of  cement 15.16 

relative  effects  upon  weight  and  bulk 15 

see  also  Bulking. 
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of  detrital  masses  as  factor  in  landslides 24,25 

of  oil  treated  road  surfaces,  relation  to  sta- 
bility  —  135, 137, 138, 142 

of  soils — 

relation  to  value  of  soil  for  road  uses.  135-138, 155 

research - 52,53,91,92 

see  also  Capillary  moisture — Compress- 
ibility— Liquid    limit — Plasticity 
— Soils  (research) — Volume  change. 
.Moisture  equivalent  percentages: 

limiting  values,  good  soils 1,6,137,149 

of  binder  material,  Oregon  roads 133, 136-138 

of  loams  (in  condition  survey) 5 

of  soils  (general),  miscellaneous  r 1,2,41,92 

of  topsoil.  South  Carolina..- 192,194 

Molds,  testing: 

paraffin  solution,  use  in 119 

type  used  iu  binder  tests 136 

Moments: 

bending,  see  Bending  moments, 
moment,  shear,  and  load  curves- 
concrete  bridge  slabs 189 

of  inertia — 

of  concrete  and  of  reinforcing  steel  in 

concrete  arches,  formulas...  72-75,80,96 

of  concrete  slab,  correction  in  test,  r 183 

resisting   moment   in  concrete   slab   under 

corner  load,  formula 187 

Moorefleld,  C.  H.: 

subgrade  studies,  importance 245 

Moorehead     City— Beaufort,     Bridge,     North 
Carolina: 

tar  treatment - 112, 119 

Morris,  A.  F.,  oiled  roads 137 

Morrison,  R.  L.: 

cement  quality,  effect  on  concrete  strength.  120(fn) 

Motion  pictures  in  the  selling  of  research 247 

Motor  busses: 

common  carriers,  contribution  to  State  road 

funds,  investigations 245 

grade  crossing  accidents 234,237 

highway  transportation  survey  data...  65,215,220 
Motor  cycles: 

grade  crossing  accidents 234 

registrations,  registration  fees 38, 39, 190 

Motor  trucks: 

accidents 234,236,244 

and  road  tractors- 
registrations,  registration  receipts  (sta- 
tistics)  -. 36,38,39,190 

highway  transportation  survey  data 62-70, 102, 

10:i.  215,  218-220, 222-224, 246 
six-wheel  trucks- 
increasing  use,  r 247 

loads  transmitted  to  pavements 245 

Motor  vehicles  (general) : 

business  m.  v.,  survey  data 62,221,222 

city  owned  m.  v.  on  rural  highways.  62,  221-223, 246 
equipment,   standardization,   recommenda- 
tion       244 

farm-owned  m.  v.,  survey  data 62,  221-223 

for  hire,  on  Vermont  highways. 221-223 

foreign  (extra-State)  m.  v.,  survey  data 62, 

217(fn),  218,221,223 
mileages^ 

relation  to  registration 247 

see   also  iTraffic   studies    (in    Ohio — in 
Vermont), 
number,  numbers— 

per  1,000  of  population.  United  States, 

1921.and  1926 37,38 

produced,     imported,     exported,     dis- 
carded. United  States,  1921-1926..  37,39 

operating  costs,  r 125,127,130,245 

operation,  investigations... 244,245 

passenger  cars,  highway  transportation  sur- 
vey data.-.  62-66, 70, 215,  218,  221, 222, 246 

persons  per  vehicle.- 37, 38, 62, 71, 222-224 

speed-recording  devices 213,247 

wind  resistance,  studies 245 

see  also  other  headings  beginning  Motor— a/so 
headings  beginning  Traffic— a/so 
Accidents,  traffic — Gasoline  tax- 
Registration  fees— Registrations. 

Muck,  position  in  soil  system 91 

Muddy  roads: 

effect  of  clay  content  of  soil 191 

oiling  of...- 128 

Mulches,  untreated  and  oil  treated  roads 125, 

128, 141, 142, 144, 147 
MuUis,  I.  B.  (collaborator): 

subgrade  studies,  report 1-6, 20 

Musselman,  n.  II.,  marl  sampler 94 

N 

Naphthalene,  temperature  equation  in  distilla- 
tion test  of  tars 107 

National  Automobile  Chamber  of  Commerce, 
see  Long,  John  C. 

National  Crushed  Stone  Association 32  (fn) 

National  Research  Council,  see  Highway  Re- 
search.Board. 

National  Safety  Council: 

accident  statistics. 234  (fn),  244 

National    Sand    and    Gravel    Association,    see 
Walker,  Stanton. 

Nazarenko,  A.  E.,  subgrade  admixtures.. 90 

Neal,  Harry  E.,  traffic  studies 61 

Neel,  W.  R.: 

sand-clay,  chert,  and  gravel  roads 248 

Nevada  highways,  oil  treatment 157, 158 
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Now    Hampshire    Highway    Department,    see 

Purrington,  W.  F. 
Now  Jersey  State  Highway  Commission: 

comparative  tests  of  crushed  rock  and  gravel 

concrete,  report 263-274 

grading  of  concrete  aggregate,  effects. 34 

New  Mexico  college,  see  Botkin,  C.  W. 

Ncwlauds,  G.,  soil  investigations 91 

Newton,  Sir  Isaac: 

air  resistance  theory,  r 245 

Nikitin,  V.  V.: 

climatological  investigations,  r... 90 

North  Carolina  State  College,  see  Shaw,  H.  B. 
North    Carolina   State   Highway   Commission, 

see  Yadkin  River  Bridge  tests. 
Norwegian  soil  research 92 

O 

Ohio  highways: 

Cleveland  regional  planning  survey 213 

transportation  survey- 
extract   (truck   and   railroad   tonnages, 

Columbus) 102,103 

report  by  J.  Gordon  McKay 61-71,88 

tvpes  and  mileages 61, 65, 66 

Ohio'landslides -  21-31,35 

Ohio  State  Department  of  Highways  and  Public 
Works: 

cooperation  in  survey 61 

Ohio  State  Highway  Department,  see  Kirk,  H.J. 
Oil  content  of  surface  samples  of  oil  treatedroads.     135, 

138, 140,  V>7, 1.58 

Oil  inspection  appropriation,  r 40  (fn),  214  (fn) 

Oil-stain  test  of  surface  samples  of  oil  treated 

roads - 150-U.3 

Oiling: 

of  concrete  reinforcement — 

practices  in  various  States 12 

of  concrete — sulphate  water  test  specimens.  203, 211 
of  road  surfaces — 

cost  data -     132, 

133, 142-147, 149, 153, 155-158, 197, 198 

life  of  treatment 132, 143, 146 

methods  in — 

South    Carolina,   report   by   J.   T. 

Pauls 191-202 

Western   States,   report  by   C.   L. 
McKesson    and    W.    N.    Frick- 

stad 125-1.58 

road  types  to  which  adapted 15,5, 202 

ofsubgrades,  Minnesota  practice... 6 

Oils: 

cut-back  oils,  use  in  treatment   of  topsoil 

roads 193,196,201,202 

fuel  oils  used  in  treatment  of  Western  roads — 

as  distingiushed  from  road  oils 153, 154 

characteristics  and  costs 127, 

130-133, 140-146, 153, 154,  157, 158 

specifications.- 1.54 

heavy  oils  used  in  treatment  of  roads 125-127, 

131,  132, 141,  145,  1.54,  157, 158,  196,  199-202 

tost  results. 131, 144, 196 

see  also  Bitumen  content— Paraffin  solution. 

Older,  Clifford,  r.,  r.  to  p 3, 272  (fn) 

Olmstead,  L.  B.: 

temperature,  air  and  soil 93 

Operating  costs  of  motor  vehicles,  r...  125, 127, 130, 245 

Oregon  highways,  oU  treatment 125-140 

Oregon  State  Highway  Commission,  see  McCul- 
lough,  C.  B.— McKesson,  C.  L. 

Ostwald,  W.,  color  system  (soils).. 94 

Osvald,  Hugo,  peat  investigations 92 

Overpass  elimination  of  grade  crossings. 9 

Ovssiannikoff,  T.  A.,  SOU  studies 250 

Owens,  C.  P.,  r 247 

Oxidation  of  California  asphaltic  oil 127 

P 

Pacific  Highway,  oil  treated  section 144 

Pacific  Northwest,  soil  studies,  r *. 1 

Painting: 

of  concrete  reinforcement,  practices  in  various 

States 12 

see  also  Tar  treatment. 
Paraffin  absorption  by  concrete  test  specimens..  105, 106 
Paraffin  solution: 

use  on  cement  mortar  briquette  molds 119 

Paraffin  treatment  of  concrete: 

protection  against  alkali 10.5, 106 

Parallel  routes,  relief  ottraffic  congestion 69 

Parking  of  automobiles,  dangers: 

consideration  in  highway  design.. 8 

Parkinson,  Q.  A.,  r.  to  p 248  (fn) 

Pasteur  as  "master  showman,"  r.-. 247 

Patching  of  surface  treated  roads 142, 144, 197, 200 

Patrol,  highway: 

expenses,  payment  from  motor  vehicle  rev- 
enues  39  (fn),  190  (fn) 

Patrol  maintenance,  see  Maintenance. 
Pauls,  J.  T.,  reports: 

mixed-in-place  road  surfaces,  r 248 

surface  treatment  of  topsoil  roads.   South 

Carolina 191-202 

Peat,  investigations,  r.,  r.  to  p 91-94 

Peat  sampler 94 

Pedestrians: 

grade  crossing  accidents 231, 

232,  234,  236,  237,  239-242 

motor . vehicle  accidents 244 

Peneplains 89 
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Penetration: 

by  tar  protective  of  concrete 107-112, 119 

by  tars  and  oils  in  surface  treatment  of  earth 
roads — 

depth  obtained.  South  Carolina 195,200 

depth  recommended,  tar  prime  coat 248 

of  asphalts  and  oils  used  for  surface  treatment 

of  roads 131, 

142,  144,  146,  154,  156,  157,  192,  193,  196 
Penetration  test  requirements: 

for  bituminous  macadam  roads,  reduction..        14 
Pennsylvania  State  Highway  Department,  see 
Mattimoro,    H.    S.— Van    Duzer, 
W.  A. 
Percolation  of  soils; 

discussion 44,45 

test,  adequacy 245 

"Permalloy,"  magnetic  properties,  reduction...      243 

Permeability  of  soils 2, 41, 43-45. 48, 49, 53, 92, 93 

Permits,  motor  vehicle,  see  I>icenses — Registra- 
tion fees. 

Persons  per  motor  vehicle- 37.38,  62,  71,222-224 

Piers,  concrete  bridge: 

movement,  studies. 104,  230 

tar  treatment 110-112, 119 

Pile  heads  in  concrete  foundations: 

anchorage  and  bond  tests  (proposed). 19, 124 

Piles: 

tar  treatment,  bridge  piles 112, 119 

teredos'  ravages,  wooden  piles,  r 243 

Pits,  potholes: 

formation  in  road  surfaces,  prevention.  125, 128, 195 

Pittsburg  test  road,  design,  r.. 9 

Plaster  of  Paris  as  capping  m?terial 123,  249 

Plastic  flow  of  concrete: 

as  relief  for  stresses 55 

Plasticity: 

of  powders  of  minerals,  r.  to  p 42  (fn) 

of  soils — 

plastic  limit,  plasticity  index. 2, 

41,  42  (fn).  194 

time-compression  curves,  plastic  soils 42-44 

Plate,  deformed  metal: 

use  in  forming  joints 11. 13 

Poisson's  ratio  for  concrete,  r.,  r.  to  p_..  54,  60, 183  (fn) 
Population,  population  trends: 

consideration  in  highway  planning 61,  62 

relation  to  motor  vehicle  registration  and 

traffic 62,65-68,71,88,223.221 

see  also  Persons  per  motor  vehicle. 
Porosity: 

of  concrete-alkali   test  specimens,   relation 
to- 
grading  of  aggregate 107 

tar  absorption 107, 109 

of  rock — 

determination  by  absorption  test. 225 

test,  relation  to  soundness  test 225 

of  soils,  factor  in  soil  classification 91 

Portland  cement,  see  Cement. 

Portland  Cement  Association,  r.,  r.  to  p 121,  267 

Potholes,  see  Pits. 

Power-shovel  operation  ii  highway  grading: 
report  by  T.  Warren  Allen  and  Andrew  P. 

Anderson,  Part  I 251-262,274 

Power  shovels: 

movement  time,  two  shovel  types.. _ 274 

Pressure: 

on  culverts,  measuring  apparatus  (Iowa) 113 

on  foundations  of  concrete  arches,  computa- 
tion     88 

see  also  Bearing  power— Capillary  moisture — 
Compressibility — Load,  loads. 
Priming  coats,  see  Penetration— Surface  treat- 
ment. 

Prokhorov,  N.  J.,  soil  investigations 90,91 

Proportioning  of  concrete  materials: 

economic  aspects,  importance 34 

Highway  Research  Board  discussion 246 

methods — 

volume  measurement- 
objections  to - 15-17 

use  in  various  tests 17, 

120,  203, 2()3,  265, 266,  269,  271, 272.  274 
water-cement  ratio  trial  method— 

r.  top 267  (fn) 

use  in  New  Jersey  tests. . .  267-269,  272,  274 
weight  method — 

article  by  R.  W.  Crum 15-18 

discussion,  r 246 

equipment,  Iowa  types 15.17.  18 

use  in  tests 17, 249 

proportions  used— 

by  various  States 11, 12, 14, 120,  263 

iu  various  test  specimens --. 16, 

19,  34,   105-110,   112,   119-122,   124,    159, 
179-189,    203,    204,    206,    208-212,    249, 
263-274. 
quantities  required  for  1  cubic  yard  of  con- 
crete of  various  mixes — 

determination,  formula 188.189 

used  in  New  Jersey  tests 271-273 

relation  to  strength  cf  concrete 17, 18,  263-274 

suggested  proportions  of  three  proposed  com- 
mercial sizes  of  crushed  stone 34 

see  also   Cement   content — Concrete   mix — 
Water-cement  ratios. 
Proudley,  C.  E.: 

collaborator,  report  of  tests  of  vibrolithic  con- 
crete..   17»-189 

r. 120;(fn) 
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Psychology,  factor  in  accident  prevention 244 

Pumping  units: 

in  tar  treatment  of  concrete  bridge  piers, 

recommendation lU 

Purrington,  W.  F  ; 

bituminous  treatment  of  gravelly  road 20 


Quarries,  brolien  stone  production: 
costs,  circular,  announcement. 


104 


Radius  meter,  description  and  use 230 

Railroad  crossings,  see  Orade  crossings. 
Railroad  v.  motor  truck  commodity  transporta- 
tion between  Ohio  cities 102, 103 

Rain,  rainfall,  effects: 

upon  grade  crossing  accidents 242 

upon  landslides 23,30,  31 

upon  oil  treated  road 134,137,142,145,147,154 

upon  run  ofT,  r.  to  p 122 

Ramser,  C.  E.,  r.  to  p. 122 

Raveling   of  earth   and   gravel   roads    (surface 

treated  and  untreated) 146, 

191, 197, 199 
Reagel,  F  V.: 

capping  square  (article) _ _ 123 

Reconstruction  (pavement),  methods,  trend 20 

Record  sheets  (sample)  for  road  condition  sur- 
veys  _ 4,5 

Refunds  of  giisoline  tax  receipts: 

statistics,  192fi,   1927  (half  year) 40,214 

Regional  highway  planning  survey,  Cleveland, 

Ohio 213 

Registration  fees,  licenses,  etc.  (motor  vehicle): 
receipts— 

and   their   disposition,    1920-1926,    1926, 

1927  (half  year) 36,37,39,190 

collection  and  administration  expenses, 
payment  from  receipts,  1926,  1927 

(half  year) _ 39,190 

collection  and  disposition  in  Idaho  and 

Utah... 19 

per  vehicle,  1920-1926 37,39 

Registrations,  motor  vehicle: 

increase,  relation  to  increase  in— 

highway  traffic 88.223 

motor  vehicle  mileage 247 

population 71,  88,  223,  224 

statistics^ 

Ohio,  1913-1935  (actual  and  forecast)...  71,88 
United     States,     1910-1926,     1926,     1927 

(half  year) 36-39,190 

Vermont,  1913-1936  (actual  and  forecast) .     223, 

224 
Reinforcement,    concrete,    see    Concrete    rein- 
forcement. 
Repairs,  see  Maintenance. 
Research,  scientific: 

selling  to  the  public 247 

value  to  industry 243 

Research  laboratories,  increased  number 247 

Resisting  moment,  see  Moments. 
Resurfacing: 

and  replacement,  crushed  rock  and  gravel 

roads;  methods  and  costs-..  126-130,  132,  133, 
136-139,  142,  144, 153, 156 

of  concrete  pavements,  trend  in  practice 20 

of  macadam  pavements,  Maryland  methods.  14, 20 
Revenues,  highway: 

from  common  carrier  motor  busses,  Michi- 
gan and  Iowa 245 

from  extra-State  motor  vehicles,  Vermont...      218 
see  also   Federal-aid  funds— Gasoline  tax- 
Registration  fees. 
Ridgeway,  Robert: 

soil  color  standards,  r 94 

Rights  of  way  in  rural  areas,  need 247 

Road  oil,  see  Oils  (fuel— heavy). 
Road  surveys,  see  Condition  surveys. 
Rock: 

power-shovel  operation   data 255,259,260,26 

sedimentary  rock,  sodium  sulphate  sound- 
ness test  and  alisorption — 

report  by  D.  0.  Woolf,  jr. 225-227,229 

Rodowald-Mitschcrlich  method  for  investigating 

drainage  properties  of  soils 92 

Rollers,  types  used  in  oil  treatment  of  western 

roads 156, 157 

Rolling  resistance: 

Highway  Research  Board  studies... 215 

Root,  W.  H.: 

road  maintenance  studies 247 

Rose,  A.  C: 

r.to  p 1 

report  of  Highway  Research  Board  meeting.  24.3-248 

Ross,  C.  S.,  r.  top 42  (fn) 

Rotation  of  concrete  arch  ring  and  piers: 

measurement,  Yadkin  River  Bridge  tests.  104,  230 
Rothamsted  Agricultural  Experiment  Station: 

soil  inve.stigations 92-94 

Rothamsted  dynamometer 94 

Roughness: 

of  best  pavements  (asphaltic  macadam,  con- 
crete)   144, 147 

of  oil-treated  roads 126, 142, 144, 145, 147, 156 

see  also  Roughometer. 

Roughometer,  use 213 

Routes,  United  States  numbered: 

in  Ohio 65-67 

in  Vermont 220,221 
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Rim-off: 

discussion.  Soil  Congress,  r 92 

from  small  agricultural  areas,  r.  to  p  122 

Rupture,  see  Modulus. 
Rural  highways: 

financing  from  gasoline  tax  and  motor  vehicle 
revenues— 

from  city  motor  vehicle  traffic 210 

from  foreign  (non-State)  motor  vehicle 

traffic,  Vermont 218 

statistics;  1925, 1926,  first  half  of  1927 37, 

39,40,190,214 

grade  crossing  accidents.. 231-242  245 

motor  vehicle  traffic  of  city  origin.  .  62. 221-223,  246 
see  also  Design,  highway — Federal-aid  .  .  . — • 
Ohio    highways— Vermont    high- 
ways. 

Russian  scientists,  soil  studies 90-94 

Rut?,  see  Corrugations. 

S 

Salts: 

in  mixing  water,  effect  on  strength  of  mortar..   102, 

248, 249 
secondary  salts,  formation  in  concrete-alkali 

test  specimens lo.'),  106 

sulphate  water,  action  on  concrete ...  203-213 

Samplers,  soil 91 

Sand-clay  roads: 

construction  and  maintenance,  methods  and 

costs 14,191,248 

crown 7 

Highway  Research  Board  discussion I.I  24.5,  248 

mileages.  Federal-aid  projects,  to  and  during 

1926.... 9, 10 

serviceability  191,248 

surface  loss  under  traffic 248 

value  in  stage  construction. 248 

Sand-clay  subgrades,  stability,  r 147,248 

Sand  cushions  for  brick  pavements 14 

Sand  fraction  of  soil : 

extraction,  tool  for.. 94 

factor  in  soil  classification... 91 

see  also  Mechanical  analyses. 

Saud-mica mixtures,  compressibility 41-44 

Sand  Patch  tunuelslide 31 

Sand  subgrades: 

admixture  treatment y 

serviceability,  California  roads 20 

Sands  and  sandy  soils: 

as  admixture  for  subgrade  soil <> 

a.s  cover  material,  surface  treated  roads 131, 

192, 193, 195, 197-201 

capillary  water,  rise  in 250 

compressibility _. _.        41 

power-shovel  operation  data 255, 258, 259, 262 

rounded  .sands,  relation  to  landslides 24,  25 

shape  of  particles  (general)— 250 

see  also  headings  beginning  Sand,  Sandy — 
also  Concrete  sand. 

Sandstone: 

geographical  distribution  of  test  samples 229 

in  landslide  areas  (West  Virginia  and  Ohio), 

characteristics  and  elfects 22-25,  28-31 

power-shovel  operation  data 255, 258, 202 

soundness  test  and  absorption  test  results 227 

use- 
as  concrete  aggregate,  re jearoh 124 

in  puddle  macadam  road  construction...      24s 

Sandy  roads,  oil  treatment 155-158 

Saybolt-Furol  viscosimeter,  use 154 

Scaling: 

of  concrete  pavements  calcium  chloride  cured,      246 
of  topsoil  roads,  causes 191, 192, 2(ii 

Schetelig,  Prof.  J .,  soil  investigations h2 

Schlesinger,  George  F.,  trafficstudies 61 

Schlick,  W.  J.,  soil  investigations 92 

Schroeder,  soil  investigations !i2 

Screen  analyses,  see  Mechanical  analyses. 

Screening  efficiency,  crushed  stone  plants: 

factors  affecting 32,  33 

Screening  of  mulches  in  oil  treatment  of  roads..  141,  HI 

Screenings: 

as  concrete  aggregate 21 

as  cover  material,  oil  treated  roads 131, 

132,138,141,142,144,14,'),  ijl 

Scieens,  crushed-stone  plant: 

openings,  tolerances,  etc. 32-35 

Sea  water,  effect  upon  concrete -I ; 

Seal  coats: 

in  curing  of  concrete  pavements 2  l(i 

in  surface  treatment  of  topsoil  roads 197, 

199,201,2(1 
in  tar  treatment  of  concrete...  105-107, 109-112,  1 1'.i 

Sediment,  sedimentation,   see  Settling — Water 
(and  sediment). 

Seepage,  effect  upon  landslides 22,25,30,31 

Setting  of  concrete,  relation  to  cracks,  r 51 

Settling: 

of  foundations  (building  and  road),  causes...  41,53 
of  soil  particles- 
rate  as  basis  for  mechanical  analysis  deter- 
minations  93 

subgrade  laboratory  sedimentation 

tests,  r... 2 

Shale: 

in  landslide  areas  (West  Virginia  and  Ohio), 

characteristics  and  effects 21-25,  29-ill 

power-shovel  operation  data..  i.'iS,  256, 258-260, 262 

Shale-likeness  of  clay  particles: 

article  by  Prof.  Dmitry  P.  Kryniue.. 2.5(1 

Shannon,  E.  V.,  r.  to  p - 42  (fn) 

Shaw,  Charles  F.,  soil  investigations 91, 93 
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Shaw,  H.I).,  tractive  resistance,  investigations  245 

Shear: 

in  controlo  arclies 73,85,86,99  101 

in  concrete  bridge  test  slab.. [go 

in   concrete   pavement   slabs   acting   under 

temperature  variations 56  ,57 

Shearing  strength  of  accumulation  of  soil  i)articles     '53 

Shoulders,  design,  tren<l 8,14,20 

Shovels,  power,  see  Power  shovels. 
Shrinkage: 

and  shrinkage  limit  of  soils . .   I,  2,  6, 24,  ,50,  .52,  ,53, 194 

see  also  Lineal  shrinkage  percentages.  ' 
of  concrete,  see  Contraction. 

Sibirtzev,  N.  .\t.,  soil  investigations 90 

Signaling  lamps,  motor  vehicle.. 244 

Signs  and  signals: 

discission 2 1 1 

financing  (traffic  signals)  from  motor  vehicle 

revenues 39 

luminous  signals,  colors 244 

warning  devices  at  grade  crossings  231-237,  240 

Silts  and  silty  soils: 

elasticity,  liriuid  limit,  plasticity  index 42(fn) 

in  landslide  areas  (West  Virginia  and  Ohio)..  24, 25 

serviceability,  oil  treated  roads.. 15.5,150 

size  of  particles ,53 

Silty  sand  subgrades: 

stabilization  method,  Arizona.. 6 

Single-lane  roadways,  traffic  capacity 247 

Skidding  on  oil  treated  roads: 

prevention 131, 135, 14),  145, 147 

Skyline  Boulevard,  San  Francisco: 

oil  treatment 144, 145 

Slag: 

as  admixture  in  concrete  test  specimens 203, 

205,  208 

as  concrete  aggregate,  research 1 24 

as  cover  material,  surface  treated  roads 193, 

197,  198,  200,  201 
Slaking  of  soils: 

factors  affecting 41,53 

test,  r 2  (text  and  fn),  245 

Slater,  W.  A.,  r.  to  p 55(fn) 

Slides,  see  Landslides. 
Sloan,  W.  }.: 

transportation,  discussion 247 

Slump  of  concrete  in  various  test  specimens...  108(fn), 

159, 168, 179,  265 

Smith,  II.  C 130(fn) 

Smolik,  L.,  soil  investigations 92 

Smoothness,  pavement,  see  Roughness. 

Snowy  weather  and  grade  crossing  accidents 242 

Sodium-magnesium  sulphate  solution: 

use  in  concrete-alkali  tests 105 

Sodium  salts,  see  Salts— Sodium  sulphate  sound- 
ness test. 
Sodium  silicate: 

uste  in  curing  of  concrete 246 

Sodium  sulphate  soundne.ss  test  of  rock. ..  225-227, 229 
Softening  point: 

of  oil  products  used  on  topsoil  roads 19G 

of  tars  for  concrete  protection,  specification..      107 
Soil  congress,  first  international,  meeting: 

report  by  Charles  Terzaghi 89-94 

Soil  grains,  size: 

relation  to  compressibility  of  soil 42,43,52 

Soil  maps: 

by  Bureau  of  Soils,  U.  S.  D.  A.,  r 4,91 

by  Russian  scientists 90,91 

Soil  moisture,  see  Capillary  moisture — Hygro- 
scopic water  content — Landslides. 
Soil  reactions: 

effects  upon  concrete  and  cement 93 

Soil  samplers,  description ._        94 

Soil  science,  progress 89-94 

Soil  survey  methods: 

dynamometer  method,  application 94 

in  road  survey  procedure,  outline 1-6,20 

lack  of  universally  accepted  method 91 

Soils: 

Bureau  of,  see  Bureau  of  Soils, 
classification — 

final  classification,  principles  (article  by 

Dr.  Charles  Terzaghi) 41-53 

for  foundation  purposes 90,91 

in  road  survey  procedure... 1-3 

of  ( 'alifornia  soils 91 

Uii.ssian  methods 90,  91 

fine-grained  soils 52,53 

see  also  names  of  fine-graine<l  soils. 

fme  TMalcrial  in  fresh  v.  dried  soils 92 

Highway  Research  Board  discu.ssions 245,248 

identification    from    known    proportions   of 

.separates 245 

organic  constituent,  removal 92 

research  (suggested)  auxiliary  to  road  surveys      1-6 
resistance  to  plow,  mesisuring  instrument...        91 
separation  into  coarse  and  fine  constituents- 
tool  for 94 

see  also  Mechanical  analyses, 
tests- 
auxiliary  to  road  survey,  outline.. 2-6 

laboratory  v.  field  tests,  value 1 

routine  tests,  proposed  calibration 92 

see    also    Bearing    power — Compression 
tests— D.ye      adsorption— Percola- 
tion—Slaking. 
see  also  headings  beginning  Soil,  Subgrade — 
also     Binder — Colloid     content— Drain- 
iige- Peneplains— Shrinkage — Swelling— 
also  names  of  soils,  names  of  properties 
of  soils. 
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Soundness  test  (sodium  sulphate)  and  absorp- 
tion of  sedimentary  roclf,  relation: 

report  by  D.  O.  Woolf,  Jr. 225-227.229 

Soutli  American  soils 42-44,48 

South  Carolina  State  Highway  Department: 

surface  treatment  of  topsoil  roads 191-202,248 

Spacing,  joint,  see  Joints. 
Spangler,  M.  G.,  report: 

digest - 113-119 

r.  to  p --  113  (fn) 

Specific  gravity: 

of  concrete   aggregates   (gravel,   sand,   trap 

rock)  used  in  tests 265 

of  oils,  oil  products,  and  tars — 

for  protection  of  concrete,  specification..      107 

used  in  surface  treatment  of  roads 131, 

142, 14,,  196 

of  soils,  studies  auxiliary  to  road  surveys 2 

Specific  gravity  test  of  tar,  specification 107 

Specific  surface  of  soil: 

determination  in  soil  drainage  research 92 

Specific  viscosity: 

of  oils,  oil  products,  and  tars— 

for  protection  of  concrete,  specification..      107 

used  insurface  treatment  of  roads.  131, 142,144, 

146,  147,  154,  192,  193,  196,  197,  199-202 

Specific  viscosity  test,  specifications. 107,154 

Speed,  trafl^c,  see  Traffic  speed. 

Sprayers,  pressure 130, 156 

Spreaders  and  spreading  methods: 

in  crushed  rock  and  gravel  road  construction, 

specifications _ 128 

in  surface  treatment  of  roads 126, 

130-132,  144,    146-148,  155,  156,  196,  202 

Sprinklers,  gravity 130 

Stage  construction  of  highways: 

sand-clay  roads,  value 248 

Stain  test: 

use  inroad  oiling 146,  l.'J0-1.53 

Stanton,  J.  E 146 

State-aid  roads,  Vermont: 

mileages  and  traffic 215-224,229 

State  highways,  financing: 

amounts   allocated  from  gasoline  tax  and 

motor  vehicle  receipts,  statistics..       37, 

39,40,190,214 

Static  load  tests,  Delaware  River  Bridge  slabs..    159- 

165,167-178 

Static  loading  device,  bridge  slab  tests 160, 161, 167 

Static  loads  transmitted  to  culverts: 

Iowa  determinations 113-119 

Steam  ciu"ing  of  concrete-sulphate  water  test 

specimens 203,204,208-212 

Steel,  see  Concrete  reinforcement — Guard  rails. 

"Sticky  limit"  of  soils,  research 92 

StilTness  of  concrete  pavement  slab: 

radius  of  relative  stifi'ness,  stress  analysis 56-60 

Stone,    see    Crushed    stone— Screenings— Stone 
sub  bases. 

Stone  subbases  for  pavements 6 

Storage  of  concrete  specimens: 

cans  used  in  concrete-alkali  tests 105 

moist  closet  storage,  r 208-212,249,266 

Strahan,  Dr.,  research,  r 248 

Strain  telemeter,  description  and  use 117, 118 

Strength,  strength  ratios,  see  Bond,  bonding- 
Compression  tests  —  Flexural 
strength— Modulus,  moduli  (of 
rupture)— Tensilestrength— Trans- 
verse tests. 
Stress-strain  curves  in  vibrolithio  concrete  tests.  182 
Stresses: 

in  concrete  arches- 
axial  stresses 77,79 

formulas,  derivation 72-80, 

85-88,95-101,104,213 
Yadkin  River  Bridge  determinations.  104,230 
in  concrete  bridge  slabs — 

Delaware  River  Bridge  slab  determina- 
tions   173-177 

in  concrete  pavement  slabs- 
allowable  stresses,   computations   from 

corner  formula 187,188,272 

caused  by  temperature  variations,  arti- 
cle by  H.  M.  Westergaard 54-60 

combined  stress  (temperature  variation 

and  wheel  load),  computation 54,60 

comparative  stresses  produced  by  edge, 

corner,  and  center  loads 188 

determining  design  of  pavement 245 

in  freezing  tests,  effect  upon  bond 182, 186 

in  vibroiithic  concrete  tests.. 179, 

181-183, 185, 186 

r.  top 54,55(fn) 

relief 55 

in  elastic  solids — 

formula,  use  in  culvert  tests... 113, 115 

r.  top 113(fn) 

in  I  beams  and  reinforcing  trusses,  bridge 

testslabs... 163, 

164, 166, 167, 169, 170, 173-176, 178 
in  reinforcing  steel  — 

in  concrete  arches 72, 87, 88, 101, 104 

in  concrete  bridge  test  slabs 160, 

161, 163, 164, 166, 174, 176-178 
measurement  by  strain  telemeter,  applica- 
tion in  culvert  tests 117, 118 

Stripping  (broken  stone),  costs,  r.  to  p 104 

Structural  design  of  pavements: 

reports,  r.,  r.  to  p _. 3,245 
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Subbases: 

research,  correlation  with  subgrade  studies..      1-6 

value 6,245,248 

Subgrade  construction; 

practices  in  various  States,  r 6,8,20, 147,248 

"Subgrade  quarries,"  r 90 

Subgrade  reaction,  modulus  of: 

in  concrete  pavement  stress  computation...  55-60 
Subgrade  studies; 

by  Bureau  of  Public  Roads  — 

r 92,248 

reports  by  C.  A.  Hogentogler— 

(and  collaborators),  text 1-6,2 

r 240 

by  European  scientists 90-98 

importance 1,3,6,20,89,90,244 

see  also  Soils— Terzaghi,  Dr.  Charles. 
Subgrade  surveys,  see  Soil  survey  methods. 

Subgrade  treatment 2,3,6,20 

SuUivan,  E.  Q... _ 140 

Sulphate,  sodium,  see  Sodium  sulphate  sound- 
ness test. 
Sulphate  water: 

action  on   concrete,   report  by   Dalton   G. 

Miller 203-213 

see  also  Salts. 
Sulphur,  uses  in  concrete-sulphate  water  tests..     203, 

206,  212 

Superelevation  of  highways,  design,  trend 8 

Superloads  on  culverts,  effects 119 

Surface,  specific,  see  Specific  surface. 
Surface  treatment: 

of  concrete-sulphate  water  test  specimens...     203, 

210-212 
of  roads— 

asphaltic  oil  treatinent,  report  by  C.  L. 

McKesson  and  W.  N.  Frickstad.  125-158 
Highway  Research  Board  discussions.  247,248 

surface  mixing  process 126-128, 146-154,  248 

topsoil  roads.  South  Carolina- 
remarks  by  N.  S.  Anderson... 248 

report  by  J.  T.  Pauls 191-202 

Surveys,  see  Condition  surveys — ^Ohio  high- 
ways—Soil survey  methods— Traf- 
fic studies — Vermont  highways. 

Swelling  of  soils 2,24,41,50,53 

Swiss  scientists,  investigations  of  cement  pipe 

deterioration... 93 

Symbols  used  in  road  surveys... 4 


Tar  absorption; 

by  cement  mortar  specimens 108, 109 

by  concrete  in  protective  treatment...  105-112, 119 
far  treatment: 

of  concrete,  protection  against  alkali. .  10.5-112, 119 

of  roads 131, 137, 146, 191-202,  248 

Tars: 

use  as  binder  in  surface  treated  roads 193, 200 

used  as  concrete  protectives  — 

types,  specification,  costs,  etc 105-112, 119 

used  in  surface  treatment  of  roads  — 

test  results,  costs,  etc 192, 193, 196-202 

Tax-exempt  motor  vehicles: 

registrations,  1926  and  half  of  1927 38, 190 

Taxes,  see  Gasoline  tax- Registration  fees. 

Telemeters,  description  and  use 117, 118,230 

Teller,  L.  W.,  and  C.  E.  Proudley; 

vibroiithic  concrete  tests,  report.. 179-189 

Temperature: 

curing,  drying,  immersion  temperature  in 

tests  of  concrete 105, 

181,182,203,204,206-212 
drying  temperature  in  soundness  test  of  rocks.  225 
influence  on  slaking  value  of  soils,  research,  r..  2 
of  concrete  in  arch  ring,  determination  in 

bridge  test... 104 

of  oils  Uuel),  spreading  temperature,  in  sur- 
face treatment  of  roads 131, 154, 156 

of  tars,  application  temperature  in  concrete 

protection 110 

testing  temperatures  for  tars,  oils,  cftc.  — 

r... 131, 135, 140, 142, 144, 147, 

150, 153, 154,  156,  192,  193, 196, 197, 199-202 
specification,  tars  for  concrete  protection.      107 
variations  — 

effects  upon— 

concrete  arches.. 72, 

73, 75,  78,  79, 85-88, 95, 100, 101, 104 

concrete  roads,  stress  analysis 54-60 

oil  treated  roads,  Oregon 145 

in  air  and  soil,  thermograph  records,  r..        93 
see  also  Freezing — Frost  action — Weather. 
Tensile  strength  of  concrete: 

in  top  V.  bottom  of  vibroiithic  and  normal 

slabs 180-186 

relation  to— 

formation  of  pavement  cracks. 120 

quality  of  Portland  cement 120-122 

Tension: 

surface  tension  of  water 50-52 

see  also  Stresses— Tensile  strength. 
Terzaghi,  Dr.  Charles: 
articles — 

first  international  soil  congress,  message 

to  highway  engineer 89-94 

principles  of  final  soil  classification. 41-53 

r.,  r.  to  p l,2,44(fn),53  (fn),  136  (fn),  250 

Thermal  coefficient,  see  Expansion  of  concrete. 
Thermograph  records,  r 93 
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Thiokened-edge  design: 

for  concrete  pavements 9, 10, 12,  20 

for  topsoil  roads,  experiments,  r. 201 

Thickness  of  concrete  pavement  slabs: 
comparative  thickness — 

at  center  and  edges 9,12,20,188 

in  vibroiithic  and  in  normal  concrete..  187, 188 
computation — 

for  crushed  stone  and  gravel  concretes  of 

equivalent  strength 272,  274 

from  corner  formula 122, 187, 188,272 

on  basis  of  flexural  strength  of  concrete.  120, 264 
in  computations  of  slab  deflections,  stresses, 

and  relative  stiffness 54-60 

practices  in  various  States 6,9, 10,12,20 

Thin-edge  design,  concrete  pavements 9 

Thomas,  H.  R.,  r.  to  p 248(fn) 

Thrusts,  see  Concrete  arches. 

Tile  culverts,  see  Culverts. 

Tile  drains,  see  Draintile. 

Tires,  motor  vehicle: 

displacement  resistance 245 

effects — 

upon  oiled  roads 145 

upon  rolling  resistence,  r.  to  p 245 

see  also  Impact.  .  .  . 

transportation  survey  data,  r 67,215,219 

wear,  r 126, 127, 129, 145,  245,  248 

Tonnages: 

motor  truck  and  railroad  tonnages  between 

certain  Ohio  cities 102,103 

see  also  Traffic  studies. 

Topeka-type  pavements,  crushed  stone  size .35 

Topsoil: 

as  aggregate  for  mixed-in-place  surfaces 248 

as  covering  material  for  surface  treated  roads.     192, 
195,  197, 198,  199 

for  surface  treatment  of  main  highways 248 

in  peneplains,  characteristics 89 

studies,  r.  to  p 245 

Topsoil  roads: 

samples  of  surfacing,  analysis  and  test  results.     191, 

192, 194 
surface  treatment,  report  by  J.  T.  Pauls..  191-202 

Tractive  resistance: 

Highway  Research  Board  studies,  progress..      245 
of  surface  treated  and  untreated  roads 126, 129 

Tractors,  use  in  power-shovel  operation 251,253 

Traffic  accidents,  see  Accidents. 

Traffic  capacity; 

of  low-cost  roads 63,126,247,248 

of  roads  of  different  width,  studies 247 

of  single-lane  and  of  two-lane  roads 247 

Traffic  congestion: 

relief  measures 02,69 

time  losses.. 247 

see  also  Traffic  speed. 

Traffic  control  on  recently  oiled  roads 145 

Traffic  density,  see  Traffic  studies. 

Traffic-flow  recording  device. 247 

Traffic  flow  through  street  intersections.. 244 

Traffic  forecasts 62,  67, 70,  7 1 .  88,  223,  224,  '229,  247 

Traffic  guide  lines,  see  Guide  lines. 

Traffic  influence  upon  bridge  location,  r.  to  p 104 

Traflic  segregation 69 

Traffic  signals,  see  Signs  and  signals. 

Traffic  speed: 

preferential  speed  for  various  traffic  densities, 

studies 247 

recording  devices 213,  247 

Traffic  studies: 

Highway  Research  Boai-d  discussions 244-248 

in  New  Jersey 247 

in  Ohio 61-71,88,102,103,213,248 

in  Pennsylvania 248 

in  South  Carolina 197 

in  Vermont 215-224,229,248 

of  low-cost  roads 197,247,248 

of  Washington-Baltimore  boulevard,  lantern 

slides,  r 247 

see  also  headings  beginning  Motor — also 
Grade  crossings— Tires,  motor  ve- 
hicle. 

Trailers,  motor  vehicle: 

registrations  and  registration  leceipts  from, 

1926  and  first  half  1927 38,39,190 

Transportation  surveys,  see  Traffic  studies. 

Transverse  cracks  in  concrete  pavements: 

relation  to  tensile  strength  of  concrete 120 

Transverse  joints,  see  Joints. 

Transverse  tests  of  concrete; 

specimens  made  and  cured  in  fields,  r 246 

vibroiithic  and  normal  specimens  compared.    179- 

189 
sec  also  Flexure  tests. 

Trap  rock  aggregate: 

studies,  proposed 124 

use  in  comparative  tests,  crushed  rock  and 

gravel  concretes 263-274 

Trass,  use  as  concrete  admixture... 203,207,210 

Truscon,  use  as  concrete  admixture.. 203,211 

Trusses,  reinforcing,  for  test  bridge  slabs: 

deformations  and  stresses  in 160, 

163, 164, 166, 173, 176, 178 

Two-lane  roads. —      247 


U 


U.  S.  S.  R.  Academy  of  Sciences,  r 

Underpass  elimination  of  grade  crossings. 
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Uniformity  of  concrete  proportioned  by  weight..  15-18 
University  of  California,  see  Winterer,  E.  V. 
University  of  Illinois,  see  Westergaard,  H.  M. 

University  of  Minnesota,  research 203-213 

University  of  Texas,  research 102,248,249 

Upham,  Charles  M.,  report  (digest)— .-.  243,244 

Utah  motor  vehicle  revenues,  disposition _.        19 

V 

Van  Duzer,  W.  A ._ 248 

Vapor,  see  Water  vapor  curing. 
Velocity  of  wind,  see  Wind  resistance. 
\'ermont  highways: 

improvement  program 229 

transportation  survey,  report  by  J.  Gordon 

McKay 215-224,  229 

types  and  mileages 215,217 

Vermont  State  Highway  Department 215 

Vibrolithic  concrete: 

costs,  compaiative,  v.  c.  and  normal  con- 
crete  - -  188, 189 

tests,  report  by  h.  W.  TeUer  and  C.  E. 

Proudley.. 179-189 

Virginia  demonstration  road,  experiments,  r 3 

Viscostmeter,  use 154 

Voids: 

in  concrete  (vibrolithic  and  normal  si)eci- 

mens)-. 183-186 

in  concrete  aggregates- 
effects  upon  yield  of  concrete 263 

percentages,  crushed  stone  and  gravel 

test  aggregates 265 

in  sack  of  cement 188 

in  soils,  voids  ratios  and  miscellaneous  r 41-53 

in  surface-mixed  roads,  filling 128 

Volcanic  ash  as  concrete  admixture,  use  in  test-.  203, 

205, 209 
Volcanic  ash  soil  as  binder,  surface  treated  roads.  137 
Volume  change: 

in  concrete,  see  Contraction — Expansion. 

in  soils 1.2,5.24,41-5.3,92,155 

see  also  Compressibility — Shrinkage. 
Volume-weight  relations  of  concrete  aggregates: 
use  in  quantity  determinations,  materials 

per  concrete  batch 265 

Volumetric  measurement,  see  Proportioning. 

Voshell,  J.  T.,  formula 8 


W  Pago 

Wagon  trains  in  power-shovel  operation 251-2.53 

Walker,  Stanton,  r.,  r.  to  p 188  (text  and  fn) 

Wanzer,  C.  W.,  r _ 130  (text  and  fn) 

Warning  devices,  see  Signs  and  signals. 

Washington  State  College,  tire  wear  studies.  129, 145 

Washington  State  Highway  Department: 

oil  treatment  of  roads 12ti 

Water: 

and  sediment  in  fuel  oil  for  surface  treatment 

of  roads,  specifications 154 

influence  on  specific  gravity  determinations 

of  soils,  suggested  research _         2 

natural  waters,  salt  content 249 

under  hydrostatic  pressure,  escape,  appara- 
tus illustrating 43-45 

see  also  headings  beginning  Moisture,  Water — 
also  Curing— Drainage— Ground 
water  level  -  Percolation  —Perme- 
ability—  Salts— Sea  water— Seep- 
age— Sulphate  water. 
Water-cement  ratio  trial   method   of  concrete 

proportioning,  use  in  tests _.  267-27  V 

Water-cement  ratios,  water  content,  of  concrete: 

relation  to  strength 17,18,35, 

175, 181, 183,-186, 189,  203,  208-212,  265-274 

Water  table  (soil),  position,  research 92 

Water  vapor  curing  of  concrete-sulphate  water 

test  specimens 203,207-212 

Waterproofing  properties: 

of  oil  treatment  of  roads 142, 145 

of  tars  used  as  concrete  protectives 107-112, 119 

Wealth,  per  capita  (U.  S.  A.): 

comparison  with  number  of  person?  per  jnotor 

vehicle 37,38 

Wear,  see  Metal  losses— Tires,  motor  vehicle: 
Weather,  climatic  conditions: 
effects  upon— 

grade  crossing  accidents 242 

highway  conditions  and  maintenance,  r.        2, 

3, 125, 127,  129, 133, 137,  138,  141, 145-147, 

154, 157, 199,  200 

landslides.- 23-2.5,30 

soil,  research .-- 90 

see  also  Freezing. 
Weathering  of  rocks: 

effects  upon  landslides 23,  24,.30 


Page 
Weight-carrying  capacities  of  highways  as  basis 

of  highway  classification 240 

Weight  changes  in  tar  treated  concrete 105, 

106, 108, 109, 119 
Weight   method  of  proportioning,  see  Propor- 
tioning. 
Weight-volume,  see  Volume-weight  relations. 

West  Virginia  landslides 21-31,35 

West  Virginia  State  Road  Commission,  see  Day- 
ton, R.  B.-Gray,  B.  E. 
Westergaard,  H.  M.: 

r.  to  p 55  (fn),  57  (fn) 

stresses  in  concrete  roads  caused  by  temper- 
ature variations,  analysis 54-60 

Wheelers,  use  in  power-shovel  operation 251 

Wheels,  motor  truck: 

types,  cushioning  effects,  investigations 124 

see  also  Load,  loads. 
Widening  of  highways: 

design,  trend 8, 14,20 

in  rehef  of  traffic  congestion 69 

Width  of  highways: 

design,  trend 8, 12 

recommendation  for  oil  treated  roads 127 

traffic  capacities  of  various  highway  widths, 

studies -.- - --      247 

Wiegner,  G.,  investigations 93 

Williams,  S.  J.,  motor  vehicle  accident  data 244 

Wind  resistance  of  motor  vehicles,  research 245 

Winfrey,  Robley,r.  top -  113(fn) 

Winterer,  E.  V.,  soil  investigations 93 

Wintermyer,  A.  M.,  r.  to  p 2  (fn) 

Wisconsin  surface  mixing  treatment  of  roads 146 

Woolf,  D.  O.,  Jr.,  report: 
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SUBGRADE  STUDIES  OF  THE  BUREAU  OF  PUBLIC 

ROADS ' 

Reported  by  C.  A.  HOGENTOGLER,  Highway  Engineer;  I,  B.  MULLIS,  Associate  Engineer  of  Tests;  and  A.  C.  BENKELMAN,  Assistant  Research  Specialist,  all  of  the 

Division  of  Tests,  United  States  Bureau  of  Public  Roads 


AT  THE  present  time  very  little  information  con- 
cerning the  influence  of  the  subgrade  on  pave- 
ment behavior  is  assembled  in  such  form  as  to 
be  utilized  by  the  highway  engineer.  Until  recently, 
research  on  subgrades  has  been  devoted  largely  to 
laborjitory  tests  and  gratifying  progress  has  been  made. 
Practical  field  and  laboratory  tests  have  been  developed 
for  measm-ing  volumetric  change  and  supporting 
value,  assuming  that  these  are  primary  influencing 
characteristics  of  subgrade  soils.  In  accordance  with 
this  assumption  soils  with  high  moistm'e  equivalents 
and  slirinkage  values  would  be  classed  as  poor  subgrade 
and  those  having  comparatively  low  values  in  these 
tests  would  be  classed  as  good  subgrade. 

DATA  RELATING  SUBGRADE    TO    PAVEMENT  CONDITION  NEEDED 

However,  our  knowledge  of  the  relation  between 
pavement  •condition  and  the  subgrade  is  meager. 
Little  is  known  of  the  relative  life  or  condition  of 
pavements  laid  on  good  and  questionable  subgrades. 
Do  increased  cracldng,  brealdng,  rutting,  raveling,  and 
unevenness  accompany  bad  subgrades?  How  are 
maintenance  and  operating  costs  influenced  by  sub- 
grade  condition?  What  additional  initial  expenditure 
on  accomit  of  poor  subgrade  would  be  warranted  by 
the  difference  in  renewal,  maintenance,  and  operating 
costs?  Shall  this  additional  expenditure  be  made  on 
the  subgrade,  the  pavement,  or  both?  Can  less  thick- 
ness of  pavement  or  a  different  type  be  used  when  the 
moisture  equivalent  is  15  instead  of  30,  and  what  test 
values  bound  the  limits  of  good,  intermediate,  and 
poor  subgrade? 

Examination  of  existing  reports  reveals  but  fe\y 
references  to  soil-test  results  translated  into  terms  of 
road  condition.  The  most  specific  of  these  is  found 
in  an  article  by  A.  C.  Rose.^  As  a  result  of  observa- 
tions in  the  Pacific  Northwest  he  states  that  when  the 
lineal  shrinkage  of  a  soil  exceeded  5  per  cent,  the  pave- 
ment showed  degrees  of  deterioration  corresponding 
to  the  amount  by  which  the  shrinkage  exceeded  this 
value  and,  conversely,  that  when  the  lineal  shrinkage 
was  less  than  5  per  cent  the  pavements  were  found  to 
be  in  relatively  good  condition. 

The  average  highway  engineer,  without  knowledge 
of  any  soil  tests,  can  determine  by  inspection  the 
location  of  subgrade  of  questionable  character  with  a 
fair  degree  of  precision.  Remedial  measm-es,  however, 
based  upon  the  qualitative  analysis  of  the  subgrades 
are  yet  to  be  determined. 

The  Highway  Research  Board  has  found  that  the 
use  of  steel  reinforcement  in  concrete  slabs  is  one  method 
of  compensating  for  bad  subgrade,  but  no  correlation 
of  the  amoimt,  type,  or  design  of  the  reinforcement 
with  laboratory  soil  tests  has  been  made.  Some 
engineers  believe  the  remedy  lies  in  the  use  of  subbase, 

1  A  report  to  the  committee  on  structural  design  of  highways.  National  Research 
Council,  December,  1926. 
!  Field  Methods  Used  in  Subgrade  Surveys,  Public  Roads,  vol.  6,  No.  5,  July,  1925. 
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but  definite  information  regarding  the  type  and  thick- 
ness is  lacking.  The  relative  economy  of  subbase  and 
special  pavement  designs  for  specific  cases  must  be 
determined. 

The  aim  of  the  subgrade  studies  of  the  Bureau  of 
Public  Roads  is  to  furnish  the  highway  engineer  with 
definite  information  on  these  questions.  Its  objects  as 
submitted  to  the  committee  on  tests  of  the  American 
Association  of  State  Highway  Officials  are  to  determine : 

1.  The  practicability  of  varying  the  type  or  design  of 
road  surface  to  suit  subgrade  conditions. 

2.  The  efficiency  of  various  types  of  drainage,  sub- 
grade  treatment  and  subbase. 

3.  The  relative  economy  of  subgrade  correction 
(treatment,  drainage  or  subbase)  and  change  in  pave- 
nient  design  (type,  thicloiess  or  features)  as  compensa- 
tion for  varying  subgrade  conditions. 

EXISTING  INFORMATION   AND   METHODS  INSUFFICIENT   AS   BASIS 
FOR   CONCLUSIONS 

A  proposed  method  of  attack  was  to  correlate  studies 
of  roads  in  service  with  United  States  Bureau  of  Soils 
data,  laboratory  tests  on  subgrade  soils,  and  cost  records. 
The  procedure  required  a  classification  of  soils  with  re- 
gard to  their  physical  properties,  but  laboratory  tests 
then  in  use  did  not  yield  results  which  were  adapted 
to  a  simple  classification.  To  aid  in  solving  these  prob- 
lems Dr.  Charles  Terzaghi,  of  the  Massachusetts  In- 
stitute of  Technology,  was  retained  by  the  bureau  as 
research  consultant.  He  suggested  a  preliminary 
grouping  of  soils  based  on  region  and  simplified  soil 
tests,  and  a  final  classification  based  on  refined  tests  of 
representative  samples  of  the  preliminary  groups.^ 
He'summed  up  the  value  of  laboratory  and  field  work 
as  follows: 

Laboratory  tests  indentify  the  raw  materials  of  soils  and  are 
of  value  only  for  soil  classification.  Tests  on  specially  prepared 
specimens  in  the  laboratory  do  not  necessarily  indicate  the 
physical  properties  of  cracked,  crumbled,  or  compacted  soils  in 
the  field.  Nor  can  laboratory  tests,  alone,  indicate  the  efficiencj' 
of  a  soil  when  used  as  subgrade. 

Only  by  field  surveys  can  the  influence  of  subgrade  on  pave- 
ments be  determined.  Whether  or  not  a  certain  type  or  design 
of  pavement  is  adequate  for  a  given  subgrade  condition  can  be 
determined  only  by  a  study  of  the  specific  pavement  laid  on  the 
given  subgrade. 

This  statement  indicates  the  importance  of  studies 
of  roads  in  service,  but  such  studies  are  a  new  de- 
parture in  highway  research  and  standardized  methods 
of  procedure  did  not  exist.  A  tentative  working  plan 
for  making  road  surveys  has  been  developed  by  the 
bureau  and  has  been  tried  on  several  roads  to  determine 
its  workability.  The  complete  outline  with  a  descrip- 
tion and  discussion  of  the  road-survey  procedure 
follows. 


'  Simplified  Soil  Tests  for  Subgrades  and  Their  Physical  Significance  by  Dr.  Charles 
Terzaghi,  Public  Roads,  vol.  7,  No.  8,  October,  1926. 
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PROCEDURE  FOR  SUBGRADE  STUDIES  OUTLINED 

I.  Studies  of  roads  in  service,  including  experimental  roads. 

A.  Field  surveys. 

1.  Selection  of  pavements  for  condition  surveys  with  regard 

to  subgrade  variables  as  follows: 

a.  Variation  in  soil  type  (as  shown  by  county  maps  of 
the  United  States  Bureau  of  Soils)  under  the  same 
road  or  under  roads  comparable  as  to  age,  traffic, 
climate,  and  design. 

h.  Special  features  (drainage,  subgrade  treatment  or 
subbase)  under  only  part  of  the  same  road  or  under 
different  roads  comparable  as  to  age,  traffic,  and 
design. 

r.  Same  soil  type  or  subgrade  features  under  roads  dif- 
ferent in  design  or  type  but  comparable  as  to  age, 
traffic,  or  climatic  influences. 

2.  Detailed  procedure  for  pavement  and  subgrade  surveys 

to  include  procurement  of — 
a.  Record    of   pavement    condition    in    detail    (cracking, 

breaking,    rutting,    settlement,    disintegration,    un- 

evenness,   replacements,   etc.). 
h.  Record  of  cut  or  fill,  grade,  excessive  moisture,  etc., 

and  soil  series,  type,  and  layer.     Soil  inspection  to  be 

made  by  an  experienced  .soil  surveyor. 

c.  Samples  of  subgrade  soil  for  laboratory  test. 

d.  Exact  limits  of  special  features  (drainage,  treatment, 

subbases)  and  soil  types. 

e.  Samples  of  road  surface  and  also  original  soils  for  sand- 

clay  and  similar  roads. 

B.  Analysis  of  pavement  condition  records  including  those  now 

available  and  those  to  be  secured. 

1.  Classification  of  pavements  with  regard  to  climate,  age, 

traffic,  type,  and  design. 

2.  Grouping   of   pavements   with   regard   to   subgrade   soil 

classification  using  the  United  States  Bureau  of  Soils 
terminology. 

3.  Grouping   of   pavements   with   regard   to   subgrade   soil 

classification  based  on  laboratory  tests. 

4.  Grouping  of  pavements  with  regard  to  artificial  drainage, 

subgrade  treatment,  and  subbase. 

5.  Tabulation  of  pavement  characteristics  in  cuts,  on  original 

ground  surface  and  on  fills,  in  regard  to  the  four  preced- 
ing classifications. 

II.  Subgrade  laboratory  procedure. 
A.   Routine  tests  and  classification. 

1.  Determination  of  series,  type,  and  general  characteristics 

of  the  soil  by  reference  to  maps  and  reports  of  the 
United  States  Bureau  of  Soils. 

2.  Preliminary  classification. 

a.  Color  determinations  (optional)  on  both  wet  and  dry 
pats  for  that  fraction  of  the  soil  which  passes  the 
0.5-millimeter  screen. 

h.  Sedimentation  (optional).  Settlement  of  soil  after 
being  thoroughly  mixed  with  water  in  a  50-centimeter 
graduate.  For  each  soil  type  samples  are  to  be 
grouped  according  to  color  and  sedimentation  char- 
acteristics. Samples  will  be  selected  from  these 
groups  for  routine  testing  in  order  to  reduce  labora- 
tory testing  to  a  reasonable  amount. 

c.  Revised  mechanical  analysis.     Determination  of  frac- 

tions of  soils  passing  the  0.5,  2,  and  5  millimeter 
screens.  Coarse  material  classified  as  rounded, 
angular,  etc. 

d.  Lower  liquid  limit  for  0.5-millimcter  fraction. ^ 

e.  Lower  plastic  limit  for  0.5-millimeter  fraction. 

/.    Shrinkage    limit    for    0.5-millimeter    and    2-millimeter 

fractions. 
g.  Shrinkage    rate    for    0.5-millimeter    and    2-millimeter 

fractions. 
h.  Slaking  value  for  0.5-millimeter  fraction.' 
i.    Moisture  equivalent  for  2-millimeter  fraction. 
A:.  VoUunetric  change  computed  at  moisture  equivalent 

]iercentage    from    shrinkage  limit   and  ratio   on    2- 

millimeter  fraction. 

3.  Final  classification.     Terzaghi  swelling  test  and  bearing 

power  determination  on  representative  soil  samples 

only. 
a.   Modulus  of  compression. 
h.    Modulus  of  expansion. 
c.    Coefficient  of  permeability. 

»  Adaptation  of  Atterberg  Plasticity  Test  for  Subgrade  Soils,  by  A.  M.  Winter- 
myer,  Public  Roads,  vol.  7,  No.  6,  August,  1926. 

»  Slaking  Value  Test,  a  paper  presented  by  Prof.  F.  H.  Eno  at  the  sixth  annual 
meeting  of  the  Highway  Research  Board,  National  Research  Council,  December, 
1926. 


II.  Subgrade  laboratory  procedure — -Continued. 

A.  Routine  tests  and  classification — Continued. 

3.  Final  classification — Continued. 

d.  Compressive  strength  of  oven-dried  specimens. 

e.  Compressive   strength   of   specimens   compacted  from 

lower  liciuid   limit  to   pressure   of   3   kilograms  per 
square  centimeter. 

4.  Additional  tests. 

a.  Special  tests  as  desired  or  requested. 

B.  Research  in  soil  tests.     Additional  work  as  follows: 

1.  Lower  liquid  limit. 

a.  Determination  of  air  content  of  representative  sam- 
ples at  lower  liquid  limit. 

h.  Comparison  of  results  of  standard  lower  liquid  limit 
test  with  those  obtained  with  samples  on  which  a 
vacuum  is  produced. 

c.  Development  of  an  automatic  device  for  making  the 
lower  liquid  limit  test. 

2.  Lower  plastic  limit. 

a.  Influence  of  final  thread  diameter  on  results. 

b.  Comparison    of    results    when    threads    are   rolled    on 

paper  (different  kinds)  and  glass. 

3.  Slaking  value. 

a.  Influence  of  temperature. 

h.   Influence  of  size  and  form  of  specimen. 

c.  Development  of  standard  test. 

4.  Volumetric  change. 

a.  Study  of  errors  of  observation  connected  with  the 
mercury  and  paraffin  method  for  determining  the 
volume  of  soils. 

h.  Development  of  a  method  for  determining  the  volume 
of  soils  in  a  natural  or  undisturbed  condition. 

5.  Specific  gravity  determinations. 

a.  Influence  on  result  when  cold  water,  boiling  water,  and 
different  organic  liquids  are  used. 

6.  Preparation  of  test  specimen. 

a.  Development  of  a  method  for  preparing  soil  powder 
and  water,  excluding  air. 

7.  Swelling  tests. 

a.  Influence  of  air  content  in  soil  .samples. 

8.  Bearing  power  tests. 

a.  Influence  of  size  of  sample. 
h.   Influence  of  size  of  bearing  block. 

c.  Improvement  of  apparatus  to  allow  release  as  well  as 
application  of  load. 

C.  Soil  classification. 

1.  Preliminary  classification  of  all  routine  soil  samples. 

a.  Grouping  of  soils  by  regions  with  regard  to  geological 

and  climatic  conditions. 
h.  Classification  of  each  regional  group  with  regard  to 
lower  liquid  limit  as  follows: 

Lower  liquid  limit 

Class      O 10.0tol4.2. 

I 14.2  to  20.0. 

II 20.0  to  28.4. 

Ill 28.4  to  40.0. 

IV 40.0  to  56.8. 

V 56.8  to  80.0. 

VI 80.0  to  113.6. 

c.   Subdivision  of  each  lower  liquid  limit  class  with  regard 
'  to  plasticity  index  as  follows: 

Plasticity  index 

Class  a Less  than  1 . 

h 1  to  7. 

c 7  to  14. 

d 14to21. 

e 21  to  28. 

/ 28  to  35. 

g 35  to  42. 

h 42to49. 

(/.  Further  subdivision,  should  some  other  simple  test, 
such  as  dve  adsorption,  be  found  to  identify  soil 
characteristics  other  than  those  disclosed  by  the 
Atterberg  plasticity  tests. 

e.  Identification  of  each  soil  type  according  to  t  he  United 
States  Bureau  of  Soils  system  and  terminology. 
Thus,  test  results  and  other  soil  data  published  by 
the  Bureau  of  Soils  can  be  utilized. 

2.  Final  classification  according  to  the   Terzaghi  swelling 

tests  of  representative  samples  from  each  of  the  prelim- 
nary  groups. 

a.   Modulus  of  compression. 

h.   Modulus  of  expansion. 

c.   Coefficient  of  permeabilit}'. 
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III.  Additional  investigation. 

A.  Determination  of  basis  of  correction  for  influence  of  coarse 

materials  in  subgrade.  Since  laboratory  tests  are  con- 
fined to  that  fraction  of  soil  passing  the  0.5  millimeter 
screen,  the  characteristics  of  an  entire  subgrade  soil 
sample  can  not  be  learned  until  a  basis  for  correction  for 
l)oth  round  and  angular  grains  has  been  established  for 
all  tests. 

B.  Determination  of  relative  efficiency  of  various  types  and 

designs  of  pavements  with  different  loads  and  subgrade 
supports.  Soil  pressure  cells  to  be  installed  under 
selected  pavements  at  the  time  of  construction.  From 
each  location,  subgrade  soil  samples  will  be  obtained  and 
sent  to  the  laboratory  for  identification  and  classification. 
At  subsequent  periods  observations  will  be  made  as 
follows : 

1.  On    concrete   pavements   the   subgrade   support   to    be 

determined  with  pressure  cells  and  the  fiber  deforma- 
tion determined  with  grajjhic  strain  gauges  for  wheel 
loads  of  different  magnitude. 

2.  Macadam  and  bituminous  pavements. 

a.  Determination  of  subgrade  support  and  local  pavement 

deflection  for  wheel  loads  of  different  magnitude. 

b.  Supplemental  investigations  to  determine  the  magni- 

tude  of   repeated   deflections   which   macadam   and 
bituminous  pavements  can  safely  withstand. 

C.  Evaporation,    freezing,    and    other   tests   relating   to    the 

physics  of  the  subgrade. 

D.  Detailed  investigation  of  specific  road  failures  to  determine 

the  conditions  which  cause  failures. 

E.  Experimental  sections.     Whenever  the  opportunity  occurs, 

sections  to  be  constructed  to  test  corrective  measures  for 
questionable  subgrade  conditions.  Future  observations 
will  be  made  on  these  sections  to  determine  their 
efficiency. 

IV.  Digest  of  preceding  investigations. 

V.  Correlation  of  road  studies   (condition  surveys)   with  soil 
classification  (laboratory  studies). 

A.  Influence  of  type  of  soil  on  pavement  behavior. 

B.  Influence  of  soil  characteristics  (variations  within  types)  on 

pavement  behavior. 

C.  Determination  of  type  and  design  of  pavement  for  a  given 

subgrade  condition. 

D.  Determination  of  efficiency  of  various  types  of  drainage, 

subgrade  treatment,  and  subbase. 
VI.  Correlation  of  road  studies  and  subgrade  investigations  with 
office  records. 

A.  Influence  of  road  condition  on  maintenance  costs. 

B.  Influence  of  type  of  soil  on  maintenance  costs  and  life  of 

pavement. 

C.  Influence  of  soil  characteristics  on  maintenance  costs  and 

life  of  pavement. 

D.  Relative  cost  of  compensating  for  variation  in  subgrade 

condition  with: 

1.  Change  in  type  or  design  of  pavement. 

2.  Drainage,  subgrade  treatment  or  subbase. 

3.  Change  in  both  surface  and  subgrade. 

It  will  not  be  possible  to  start  all  of  the  proposed 
investigations  immediately.  All  those  having  a  bearing 
on  the  subject  have  been  listed  so  that  a  definite  working 
plan  for  evaluating  subgrade  variables  can  be  pre- 
sented. Every  eft'ort  is  being  made  to  start  the  road 
condition  surveys  as  soon  as  possible. 

ROAD   CONDITION  SURVEYS   TO   BE   MADE 

The  idea  of  assembling  information  on  the  relative 
influence  of  the  various  factors  affectmg  pavement 
behavior  is  not  new.  Extensive  surveys  covering  the 
entire  State  highway  system  have  been  carried  on  as 
part  of  the  routine  work  in  Pennsylvania,  North  Caro- 
lina, and  Washington,  while  a  very  complete  survey  has 
been  made  in  California."  The  Highway  Research 
Board  has  also  assembled  considerable  valuable  infor- 
mation in  connection  with  its  study  of  the  economic 
value  of  steel  reinforcement  in  concrete  road  surfaces.^ 

6  Report  of  a  Study  of  the  California  Highway  System  by  the  U.  S.  Bureau  of 
Public  Roads,  1920. 

'  Report  of  Investigation  of  the  Economic  Value  of  Reinforcement  in  Concrete 
Roads,  by  C.  A.  Hogentogler;  Part  2,  Proceedings  of  the  Fifth  Annual  Meeting  of 
the  Highway  Research  Board,  December,  1925. 


The  Bureau  of  Public  Roads  and  others  interested 
in  highway  research  have  advocated  the  use  of  con- 
dition surveys  in  connection  with  subgrade  studies.* 
As  part  of  the  discussion  on  structural  design  of  pave- 
ments at  the  1925  meeting  of  the  Highway  Research 
Board,  Chft'ord  Older"  directed  attention  to  the  need 
of  a  niore  comprehensive  study  when  he  suggested  a 
condition  survey  with  the  view  of  correlating  soil 
classification  and  pavement  condition.  The  Michigan 
State  highway  department  is  now  engaged  in  an  in- 
vestigation of  this  kind.'" 

To  make  a  survey  of  the  many  thousands  of  miles 
of  roads  now  in  existence  would  be  too  great  a  task. 
Accordingly,  roads  must  be  selected  which  will  furnish 
the  UDiximum  amount  of  information  with  the  smallest 
mileage  of  inspections. 

Study  of  the  effect  of  subgrade  is  the  primary  object, 
but  it  is  appreciated  that  the  data  will  yield  informa- 
tion on  every  variable  affecting  pavement  behavior. 
Before  the  influence  of  subgrade  can  be  determined, 
the  ettect  of  other  variables  must  be  understood  and 
this  can  be  accomplished  by  confining  observations  to 
roads  with  but  one  variable.  Variation  in  the  road 
surface  itself  presents  a  difficulty  but  it  is  expected 
that  valuable  information  will  be  derived  from  such 
experiments  as  the  Virginia  demonstration  road,"  in 
which  the  influence  of  climatic,  construction,  and 
curing  variables  on  various  designs  are  being  deter- 
mined. 

If  the  resulting  information  is  to  be  conclusive,  it 
is  essential  that  the  roads  inspected  shall  have  acquired 
sufficient  age  or  shall  have  been  subjected  to  enough 
traffic  to  have  developed  defects,  and  it  will  also  be 
necessary  to  pay  particular  attention  to  the  modern 
types  of  construction,  devbting  only  a  limited  amount 
of  study  to  the  obsolete  types.  It  seems  advisable  to 
select  only  those  roads  with  a  recorded  history  of 
design  and  construction,  as  the  analysis  of  any  con- 
dition survey  is  a  complex  problem  even  when  all 
data  are  available.  In  order  to  .simplify  and  expedite 
the  work,  the  field  surveys  will  be  of  three  separate 
classes. 

Class  1  surveys  will  deal  with  roads  which  have 
failed  only  in  part  of  their  length.  An  effort  will  be 
made  to  determine  if  the  failures  were  caused  by  soil 
characteristics  which  can  be  foreseen  in  future  road 
construction.  These  studies  will  be  made  in  detail 
from  the  viewpoint  of  the  geologist,  the  soil  scientist, 
and  the  highway  engineer. 

Class  2  surveys  wifl  deal  with  roads  where  corrective 
measures  have  been  used  for  offsetting  undesirable 
subgrade  conditions  on  part  of  the  length.  These 
corrective  measures  may  consist  of  a  change  in  type  or 
design  of  pavement,  subgrade  ti-eatment,  subbase,  or 
special  artificial  drainage.  The  object  of  the  surveys 
will  be  to  determine  the  relative  efficiency  of  the  vari- 
ous corrective  measures  now  in  use.  Class  1  and  class 
2  surveys  will  he  carried  on  by  separate  parties. 

Class  3  surveys  will  deal  with  roads  laid  on  dift'erent 
types  of  soil.  The  object  will  be  to  determine  the 
relative  frequency  with  which  pavement  defects  occur 
on  diff'erent  kinds  of  soil.  Roads  will  be  listed  with 
regard  to  age,  type,  design,  traffic,  and  climate.     The 

8  Practical  Field  Tests  for  Subgrade  Soils,  by  A.  C.  Rose,  Public  Ro.\ds,  vol.  5, 
No.  6,  August,  1924. 

'  Proceedings  of  the  Fifth  Annual  Meeting  of  the  Highway  Research  Board,  Dec. 
3-4,  1925.  Part  I,  pp.  129-130. 

>«  Survey  of  Soils  and  Pavement  Condition  in  Progress  in  Michigan,  by  V.  R. 
Burton,  Public  Ro.vds,  vol.  7,  No.  4,  June,  1926. 

n  Virginia  Building  Demonstration  Road,  Public  Roads,  vol.  7,  No.  6,  .A.ugust, 
1926. 
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United  States  Bureau  of  Soils  maps  will  then  be  con- 
sulted and  the  final  list  for  field  study  will  embrace 
those  roads  which  include  the  greatest  number  of  soil 
variables.  For  study  of  maintenance  costs  as  influ- 
enced by  the  subgrade  various  projects  will  be  com- 
pared, each  of  the  same  age,  type,  and  design  and 
as  nearly  as  possible  subject  to  the  same  traffic  and 
climate,  but  with  different  subgrade  soils. 

SURVEYS  TO   YIELD   DETAILED  INFORMATION   ON   ALL   FACTORS 

The  condition  survey  records  will  show  all  pave- 
ment defects.  On  concrete  roads  there  will  be  recorded 
all  controlled  and  uncontrolled  cracking,  corner  breaks, 
general   breaking  and   surface  checking,  scaling,  and 


LEGEND 

JOINTS 
TRANSVERSE  JOINTS  DRAWN  THROUGH  PAVEMENT  BORDER  LINES 

a 

CRACKS 
CLOSED 
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^ 

BADLY  CRACKED  WITH  FAULTING 

CLASS  1 

■ 

CRUSHED  OR  REPLACED 

CLASS  ? 

7        *■ 

HEIGHT  OF  FAULT  IN  INCHES 

• 

LOCATION  OF  SUBGRADE  SAMPLE 
CROSS  ROAD 

)l     l( 

BRIDGE  OR  CULVERT 

ill 

SCALED  AREA 

S?] 

CHECKED  AREA 

SHOULDERS  AND  DITCHES: 

GENERAL  CONDITION  AND  STATE  OF  MAINTENANCE  TO  BE  NOTED 
ON  SURVEY  SHEETS  TOGETHER  WITH  ANY  UNUSUAL  CONDITION  OR 
VARIATION  FROM  NORMAL 

Fig.   1. — Method  of  Recording  and  Symbols  to  be  Used  in 
Pavement  Condition  and  Subgrade  Surveys 

raveling.  The  width  of  the  cracks  and  the  degree  of 
raveling,  if  any,  are  also  miportant.  A  slab  may  be 
cracked  badly  and  yet  present  a  smooth,  uniform 
surface;  while  another  may  be  cracked  to  the  same 
extent  but  be  so  uneven  as  to  make  early  replacement 
necessary.  Differences  of  this  kind  are  to  be  noted 
in  the  reports.  Information  as  to  differences  in  con- 
dition is  as  important  as  the  record  of  the  breaks.  All 
concrete  pavements  show  surface  defects;  it  is  the 
magnitude  and  degree  of  these  phenomena  which 
merit  attention  in  the  survey. 

The  condition  of  the  shoulders  and  ditches  and  the 
elevation  of  the  shoulders  of  the  roadway  in  relation 
to  the  pavement  are  points  of  particular  mterest  both 
as  to  the  condition  of  the  surfacing  and  the  subgrade. 
Information  upon  the  general  topography  of  the  land 
adjoining  the  road  and  upon  the  nature  and  extent 
of  the  vegetation  in  the  adjacent  areas  will  be  of  value. 
Crossroads,  bridges,  and  culverts  are  responsible  in 
many  cases  for  localized  cracks  and  failures,  and 
information  as  to  their  location  is  important. 

The  subgrade  survey  carried  on  in  connection  with 
the  condition  survey  will  require  inspection   of   the 


soil  at  points  sufficiently  close  together  to  identify  all 
existing  soil  types.  Samples  of  the  soU  for  laboratory 
analysis  will  be  secured  at  the  time  of  the  inspection 
from  both  the  subgrade  and  soil  layers.  The  condi- 
tion of  the  sod  with  respect  to  compaction  and  degree 
of  saturation  will  also  be  noted  as  well  as  any  changes 
in  gradation,  color,  and  character.  Data  wiU  be  re- 
corded on  water  seepage  in  cuts  and  free  water  where 
its  presence  is  indicated.  It  is  intended  to  have  a 
special  soil  survey  made  by  a  soil  scientist  where 
surveys  have  not  been  made  by  the  Bureau  of  Soils 
and  where  any  difficulty  in  determining  the  soil  types 
is  encountered. 

STANDARD  SYSTEM    OF   RECORDING   TO   BE   USED 

Figure  1  illustrates  the  symbols  to  be  used  and  man- 
ner of  recording  the  slab  condition  with  respect  to 
joints,  cracks,  corner  breaks,  general  failures,  raveling, 
and  width  of  cracks  and  joints.  Conventional  sym- 
bols for  indicating  the  classffication  of  the  corner 
breaks,  general  failures,  and  culverts,  bridges,  and 
cross-roads  are  also  shown.  The  elevation  of  the 
pavement  with  reference  to  the  adjacent  terrain  is 
shown  continuously  by  a  profile  system.  Other 
features  are  to  be  indicated  as  shown. 
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Fig.    2. — Sample    of   Field    Record    Made   on   one   of   the 
Preliminary  Pavement  Condition  Surveys 

The  pavement  condition  party  will  consist  of  a 
chief,  experienced  in  road  construction,  and  three 
assistants.  Two  assistants  will  measure  off  and  mark 
the  stations  on  the  road,  while  the  engineer  walks 
along  the  pavement  with  a  log  board  and  specially 
prepared  forms  and  sketches  pavement  defects  and 
other  features  previously  mentioned.  The  fom-th 
member  of  the  party  will  inspect  the  subgrade  and 
collect  the  soil  samples.  The  form  which  has  been 
prepared  contains  space  for  plotting  1,200  feet  of  pave- 
ment survey.     (Fig.  2.) 
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RECORDS  TO   BE  IN  FORM  SUITABLE  FOR   PRESENT   AND   FUTURE 

USE 

Permanent  records  of  surveys  are  to  be  made  on 
24  by  36  inch  sheets  on  which  will  be  shown  in  detail 
the  condition  of  the  slab,  the  results  of  the  soil  analysis, 
and  other  pertinent  information  secm-ed  from  the 
construction  plans  of  the  road.  This  will  include 
the  depth  and  length  of  the  cuts  and  fills  made  prior 
to  the  construction  of  the  pavement,  the  beginning 
and  end  of  relocations,  and  the  grade  and  alignment 
changes.  Accurate  correlation  of  condition  survey 
information  with  that  on  the  original  road  plans  will 
depend  on  frequent  checks  between  the  new  and  old 
stationing. 


The  permanent  detailed  record  will  serve  a  number 
of  purposes.  It  will  be  of  immediate  value  as  the  basis 
for  compiling  the  summary  record  and  will  greatly 
lessen  work  on  future  sm-veys.  Figure  3  shows  the 
details  of  a  portion  of  such  a  chart,  a  single  sheet  of 
which  is  sufficient  to  record  the  data  for  6,400  feet  of 
pavement. 

CONCLUSIONS    TO    BE    BASED    ON    COMPARISONS    OF    SUMMARY 
RECORDS 

The  summary  record  is  to  be  the  analytical  digest 
of  each  survey.  It  will  present  condensed  information 
from  which  deductions  may  be  drawn  as  to  the  variables 
in  one  road   as  compared   with   similar  variables  in 


Table  1. — Typical  summary  record  of  condition  survey 
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'  Routine  soil  test  procedure  described  on  page  2  was  adopted  after  this  survey  was  made. 
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another.  The  form  and  extent  of  the  summary  record 
is  shown  in  Table  1.  The  information  will  be  obtained 
directly  from  the  permanent  record  charts  by  scaling 
and  totaling  the  lengths  of  the  cuts,  fills,  and  grade 
sections  in  "each  soil  type.  The  original  ground  line 
will  be  used  in  the  computation  of  vertical  distances. 
In  addition  to  the  information  shown  in  Table  1,  there 
will  be  included  data  as  to  the  geological  character 
of  the  soil. 

On  many  surveys,  information  concerning  the  efTect 
of  the  soil  type  and  of  cuts  and  fills  upon  slab  or  surface 
condition  will  include  a  summary  record  of — 

1.  The  width  of  cracks  and  joints. 

2.  The  raveling  at  cracks  and  joints. 

3.  The  faulting  of  slabs. 

4.  The  scaling  of  the  surface. 

On  other  surveys  information  on  the  slab  condition 
for  different  percentages  of  varying  grades  and  align- 
ment may  be  necessary  for  the  proper  interpretation 
of  the  results.  The  effect  of  depth  of  cut  or  fill  may 
also  be  shown  in  the  summary  record. 

The  data  to  be  contained  in  the  summary  records 
will  permit  relationships  to  be  established  between  the 
slab  or  surface  condition  and  the  results  of  the  soil 
tests.  These  relationships  may  be  shown  conven- 
iently in  diagrammatic  form.  For  example,  slab  con- 
dition, percentage  of  longitudinal  cracking,  or  number 
of  corner  breaks  may  be  compared  with  the  moisture 
equivalent  or  other  test  values. 

SURVEYS  TO  BEGIN  AT  AN  EARLY  DATE 

A  field  survey  has  been  made  in  Virginia  to  deter- 
mine the  practicability  of  the  methods  outlined  and 
it  was  found  that  the  procedure  is  such  that  reasonably 
i-apid  work  can  be  done  in  the  field  and  laboratory. 
At  the  present  time  preliminary  work  is  being  done  in 
cooperation  with  the  Maryland  State  Roads  Com- 
mission on  the  selection  of  roads  for  detailed  survey 
during  the  coming  summer.  It  is  anticipated  that 
surveys  will  be  made  in  other  States  also. 

All  of  the  surveys  undertaken  will  be  carried  on  in 
cooperation  with  the  State  highway  departments. 
The  procedure  as  herein  set  forth  is  more  or  less  ten- 
tative pending  suggestions  from  the  committee  on 
tests  of  the  American  Association  of  State  Highway 
Officials,  the  committee  on  structural  design  of  roads 
of  the  Highway  Research  Board,  and  from  all  engineers 
interested  in  the  highway  problem.  It  is  only  by 
criticism  and  suggestion  at  this  time  that  the  final 
program  of  the  investigation  can  be  so  framed  that  the 
results  obtained  will  have  the  utmost  value. 

In  addition  to  criticisms  and  suggestions,  information 
on  the  following  will  be  very  much  appreciated: 

1.  Location  of  roads  where  special  drainage,  sub- 
grade  treatment  or  subbase  has  been  used  under  part 
of  the  surface. 

2.  Location  of  roads  where  widely  different  types  of 
soils  are  found. 

3.  Existence  of  maintenance  costs  for  roads  which 
are  similar  in  all  respects  except  subgrade. 

4.  Existence  of  pavement  condition  survey  data 
without  regard  to  scope  or  purpose  for  which  they 
were  obtained. 

SEVERAL  STATES  NOW    CONSIDER   SUBGRADE  INFLUENCE 

An  examination  of  cuirent  practice  in  regard  to  sub- 
grades  seems  pertinent  at  this  point.  Many  States 
give  little  or  no  consideration  to  the  subgrade,  using 


the  same  pavement  designs  for  all  conditions  of  support. 
Other  States  consider  subgrade  influence  and  compen- 
sate for  it  in  various  ways.  The  following  information 
has  been  collected  as  to  practice  in  some  of  the  States: 

Arizona. — Design  of  pavements  dependent  on  subgrade 
rainfall,  and  temperatures.  Type  and  thickness  of  pavement 
varied.  Silty  sand  subgrade  stabilized  by  adding  mixture  of 
gravel,  caliche,  and  clay.  Very  fine  dust  subgrade  (high  cement- 
ing value)  surfaced  with  clean,  coarse  gravel.  Adobe  soils 
surfaced  with  volcanic  cinders,  gravel,  or  similar  available 
material.  In  some  cases  this  treatment  is  used  where  surfacing 
is  contemplated  in  the  future. 

California. — Subgrade  soil  tests  are  part  of  routine  work  on 
new  construction  jobs.  Soils  of  low  shrinkage  and  low  moisture 
equivalent  value  are  given  preference  for  embankment.  When 
moisture  ecjuivalent  e.xceeds  30  per  cent  and  the  lineal  shrinkage 
exceeds  5  per  cent,  subgrades  are  stabilized  by  the  addition  of 
sand,  decomposed  granite,  or  similar  material. 

Oregon. — Subgrade  conditions  generally  determined  by  inspec- 
tions by  division  engineers  but  in  some  cases  laboratory  tests 
are  made.  In  some  cases  of  questionable  subgrade,  sand  sub- 
base  (thickness  dependent  on  soil  shrinkage  values)  is  used 
while  in  others  (soft  places  or  adobe)  slab  design  is  changed  by 
adding  reinforcement  and  reducing  joint  spacing. 

Washington. — Subgrades  are  inspected  by  the  construction 
engineer  from  the  headquarters  office  and  the  district  engineer. 
Questionable  subgrades  are  compensated  by  increasing  the 
thickness  of  paving,  increasing  or  adding  reinforcement,  reducing 
the  slab  length  or  by  adding  gravel  sub-base.  Soft  spots  are 
dug  out  and  replaced  with  gravel.  Tile  drains  are  used  in  wet 
and  spongy  places. 

Colorado. — Subgrades  are  sampled  and  tested  before  pave- 
ment construction.  Subgrades  having  a  lineal  shrinkage  in 
excess  of  5  per  cent  receive  sand  treatments  of  from  2  to  10 
inches,  depending  on  the  extent  to  which  the  moisture  equivalent 
exceeds  20  per  cent. 

Minnesota. — Clay  subgrades  are  stabilized  by  the  addition  of 
sand  and  gravel  and  sand  subgrades  by  an  admixture  of  clay. 
In  swampy  sections  fills  are  made  with  coarse-grained  upland 
material,  while  deep  wide  ditches  and  a  generous  amount  of  tile 
are  used  to  remove  free  water.  Frost-boil  failures  are  treated 
with  admixtures  of  gravel.  Special  reinforcement  is  added  to 
concrete  pavements  when  the  soil  seems  especially  unstable. 
In  some  cases  subgrades  are  oiled. 

Kansas. — In  isolated  cases  a  sand  sub-base  has  been  used  on 
gumbo  soil. 

Massachusetts. — Subgrade  conditions  are  determined  by  visual 
inspection  during  the  spring  break-up,  examination  of  material 
froin  test  pits  along  the  project,  and  by  inspection  during  con- 
struction. Concrete  pavements  are  not  varied  but  foundations 
of  stone  and  gravel  and  drainage  are.  Side  drains  are  effectively 
used. 

Rhode  Island. — Subgrade  conditions  are  determined  by  inspec- 
tions made  in  the  spring  when  fro,st  is  leaving  the  ground.  When 
the  road  is  on  a  new  location  samples  of  subgrade  are  secured  for 
test.  Sub-bases  of  gravel  are  used  under  penetration  macadam 
or  concrete  roads  as  compensation  for  questionable  subgrades. 

Connecticut. — Double  reinforcement  in^the  slab  and  ei  her 
sand,  gravel,  or  stone  sul>base  connected  to  underground  drains 
is  used  in  locations  where  heaving  is  expected. 

Maine,  New  Hampshire,  New  Jereey,  and  New 
York  also  compensate  for  questionable  subgrade.  This 
compensation  includes  gravel  and  stone  sub-base, 
bituminous  treatment  of  the  subgrade,  and  steel  rein- 
forcement of  the  slab. 

LARGE   SAVINGS    MAY    RESULT   FROM    GREATER   KNOWLEDGE    OF 
SUBGRADES 

Before  undertaking  an  investigation  of  this  kind  it 
is  pertinent  to  inquire  as  to  the  value  of  the  results. 
It  is  not  possible,  of  coui-se,  to  form  even  an  approx- 
imate estimate  of  the  value  of  results  in  general,  but  the 
following  instances  will  indicate  the  substantial  value 
of  the  information  it  is  proposed  to  obtain: 

On  one  of  the  older  Maryland  roads  (Beacon  Hill- 
Elkton)  about  30  per  cent  of  one  section  is  badly  broken 
while  an  adjoining  section  is  intact,  variation  in  sub- 
grade  being  responsible  for  the  difference. 

(Continued  on  p.  20) 


THE  TREND  OF  HIGHWAY  DESIGN 


Reported  by  A.  G.  BRUCE,  Highway  Engineer,  and  R.  D.  BROWN,  Associate  Highway  Engineer,  Bureau  of  Public  Roads 


TO  ONE  familiar  with  the  practice  of  the  State 
highway  departments  the  changes  which  have 
been  made  in  the  design  of  highways  during 
recent  years  appear  as  no  less  remarkable  than  the 
notable  changes  in  the  volume  and  character  of  traffic 
by  which  they  have  been  called  forth.  The  general 
character  of  these  changes  is  perhaps  already  well 
known  to  all  highway  engineers,  but  it  is  thought  that 
a  review  in  some  detail  of  the  practices  now  employed 
by  each  of  the  State  highway  departments,  and  their 
evolution  during  the  past  several  years  will  be  of 
interest  as  indicating  the  various  shades  of  opinion  on 
doubtful  points  and  the  degree  of  standardization 
obtained. 

Opportunity  for  such  a  review  is  presented  by  the 
plans  received  from  all  States  by  the  Bureau  of  Public 
Roads  for  Federal-aid  projects,  and  the  following  analy- 
sis is  based  upon  a  large  number  of  such  plans  received 
during  the  last  six  years: 

Crown. — Nearly  all  the  States  now  require  that 
hard-surfaced  pavements  shall  meet  a  surface  trueness 
test,  and  this  has  resulted  in  greater  care  in  finishing 
and  has  permitted  a  reduction  in  crown  until  the  pave- 
ment now  appears  to  be  almost  flat.  The  crown  on 
cement  concrete,  brick,  sheet  asphalt,  or  any  of  the 
bituminous  concrete  pavements  on  rigid  foundations  is 
rarely  more  than  one-fourth  inch  per  foot.  Some  States 
have  adopted  one-eighth  inch  per  foot,  and  two  States 
use  one-tenth  inch  per  foot.  The  trend  of  practice  is 
toward  the  latter  amount,  and  it  is  probable  that  a 
1-inch  crown  for  a  20-foot  hard  pavement  will  soon 
be  the  prevailing  practice.  On  sand-clay,  gravel,  and 
waterbound  macadam  roads  the  prevailing  crown  is 
one-half  inch  per  foot  and  on  bituminous  macadau) 
roads  three-eighth  inch  per  foot  is  quite  general. 

Curvature. — The  trend  toward  easy  horizontal  curves 
and  longer  vertical  curves  is  very  apparent.  A  few 
years  ago  curves  of  150  and  200  foot  radius  were 
common  because  of  right-of-way  difficulties  and  grading 
costs.  Both  engineering  opinion  and  public  sentiment 
have  changed  considerably  and  now  the  radius  is 
seldom  less  than  500  feet,  and  some  States  have  adopted 
1,000  feet  as  the  standard  radius  for  main  highways. 
Tangents  at  least  100  feet  long  are  usually  provided 
at  bridges  and  between  reverse  curves. 

Vertical  curves. — The  length  of  vertical  curve  has 
increased  with  the  volume  and  speed  of  traffic  which 
have  made  necessary  greater  sight  distances.  A  rule 
used  in  many  cases  is  that  the  length  oi  vertical  curve 
in  stations  shall  equal  one-half  the  algebraic  difterence 
of  the  approach  grades  in  per  cent.  This  rule  results  in 
a  sight  distance  of  approximately  450  feet,  but  on 
roads  of  primary  importance  the  minimum  sight  dis- 
tance on  convex  vertical  curves  is  generally  500  feet 
and  on  secondary  roads  not  less  than  350  feet.  Vertical 
curves  are  now  used  at  all  changes  of  grade  on  hard 
pavements,  and  on  gravel  and  macadam,  where  the 
algebraic  difference  in  grades  is  more  than  0.5  per  cent. 

Grades  and  alignment. — The  1926  designs  showed  a 
continued  upward  trend  of  standards  of  alignment.  The 
alignment    is    becoming    straighter.       Relocation    of 


crooked  roads  and  the  use  of  long,  easy  curves  are 
becoming  common.  The  grades  have  not  been  appre- 
ciably reduced;  in  fact,  there  appear  to  be  more  short, 
steep  grades  than  heretofore.  This  is  due  in  part  to 
the  fact  that  engineers  now  prefer  to  avoid  sharp 
curvature  even  at  the  expense  of  steeper  grades.  There 
is  no  uniformity  in  the  ruling  grades  adopted  by  the 
various  States,  but  5  per  cent  seems  to  be  the  prevailing 
practice.  Grades  of  7  per  cent,  however,  are  not 
uncommon,  and  in  the  Appalachian  Mountain  section 
short  9  per  cent  grades  are  still  considered  necessary. 


A  Modern  Concrete  Pavement.  The  Longitudinal 
Joint  Prevents  Irregular  Longitudinal  Cracks  and 
Acts  as  a  Guide  Line  for  the  Traffic 

Comiiensation  oj  grades. — There  is  no  general  accept- 
ance of  the  theory  that  grades  should  be  compensated 
for  curvatiu-e  on  the  modern  highway  designed  for 
motor-driven  traffic.  This  feature  in  grade  design  is, 
however,  common  in  the  Pacific  Coast  States. 

Good  practice  seems  to  indicate  that  grades  in  excess 
of  5  per  cent  should  be  compensated  on  curves  of  less 
than  500-foot  radius.  The  amomit  of  compensation 
necessary  depends  upon  several  factors,  including  the 
length  of  the  approach  grade  and  its  rate,  the  degree  of 
curvature,  length  of  curve,  the  amount  of  supereleva- 
tion, the  sight  distance,  and  the  general  character  of 
traffic  expected.     A  simple  rule  that  appears  to  have 
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considerable  merit  is  to  compensate  grades  over  5  per 
cent  on  all  curves  of  less  than  500-foot  radius  at  the 
rate  of  0.5  per  cent  for  each  50-foot  reduction  in  the 
radius  below  500  feet. 

Superelevation  and  widening. — Superelevation  and 
widening  of  curves  is  now  universally  practiced,  but 
there  is  no  agreement  in  formula  or  method  in  the 
various  States.  A  few  States  superelevate  the  road- 
way on  all  curves  sharper  than  1°,  but  the  prevailing 
practice  is  decidedly  more  conservative.  The  average 
practice  seems  to  be  to  superelevate  all  curves  of  less 
than  2,000-foot  radius  and  to  widen  all  curves  of  less 
than  800-foot  radius.  A  maximum  superelevation  of 
1  inch  per  foot  of  width,  and  a  maximum  widening  of 
4   feet   represent   the   prevailing   practice.     The   sub- 


SUPERELEVATION  AND  WIDENING  ON   A  CuRVE  IN  A  GrAVEL 

Road 

committee  on  design  of  the  American  Association  of 
State  Highway  Officials  recommends,  as  a  rule  for 
widening,  the  formula  suggested  by  J.  T.  Voshell, 
district  engineer  of  the  Bureau  of  Public  Roads: 


TF  =  2(i?-Vi?'-i')  + 


35 
R 


In  which  Tr=  Widening  in  feet. 

R  =  Radius  of  curve  in  feet. 
L  =  Wheel  base  of  vehicle  in  feet 
(20  feet  recommended). 
The  same  committee  recommends  for  superelevation 

the  formula  E=  0.067  p 

In  which  £'= Superelevation  in  feet  per  foot  of  width. 

F=  Velocity  in  miles  per   hour    (35   recom- 
mended). 
i?  =  Radius  of  curve  in  feet. 

Width. — Eighteen  feet  still  predominates  as  the 
width  of  pavement  on  Federal-aid  projects  although 
pavements  20  feet  wide  and  wider  are  not  uncommon. 
Of  the  3,643  miles  of  surfaced  Federal-aid  road  brought 
to  completion  in  the  six  months  period  preceding  Feb- 
ruary 1,  1927,  approximately  half  had  18-foot  surfacing. 
Eight  hundred  and  thirty-one  miles  were  less  than  18 
feet  wide,  1,809  miles  were  of  18-foot  width,  900  miles 
were  between  19  and  24  feet  wide,  79  miles  between  25 
and  30  feet  wide,  and  there  were  24  miles  of  unusual 
construction  not  falling  in  the  above  classification. 

Subgrade. — A  majority  of  the  States  give  little  or  no 
consideration ,  to  variations  in  the  character  of  the 
subgrade,  using  the  same  pavement  design  throughout 


each  project.  A  few  consider  subgrade  influence  and 
compensate  for  it  in  varying  degrees  and  manners. 

The  method  of  procedure  in  these  States  and  the 
general  subject  of  subgrade  investigations  is  discussed 
in  another  report  by  the  bureau.^ 

Guard  rail. — In  the  minor  features  of  highway  de- 
sign, such  as  culverts,  guard  rail,  curbs,  shoulders,  etc., 
there  do  not  appear  to  be  any  marked  developments 
during  the  past  year.  The  trend  in  guard-rail  design 
continues  to  be  toward  the  steel  cable  and  woven  wire 
and  away  from  the  wooden  type.  Where  local  con- 
ditions justify  wooden  guard  rail,  the  plan  of  placing 
the  rail  at  the  elevation  of  the  vehicle  hub  is  gaining 
in  favor.  Some  States  are  using  steel  and  concrete 
guard-rail  posts,  but  the  prevailing  practice  is  to  use 
wooden  posts.  Some  have  adopted  a  new  arrange- 
ment for  fastening  the  wire  cable  to  the  post.  Instead 
of  running  the  cable  through  the  post  or  bolting  it  in 
direct  contact,  a  casting  is  used  which  holds  the  cable 
about  4  inches  in  front  of  the  post.  The  claim  is  made 
that  this  arrangement  adds  a  measure  of  safety,  as 
vehicles  will  be  less  likely  to  hit  the  post. 

Curbs. — Curbs  at  the  edges  of  the  roadway  on  bridges 
are  being  increased  in  height  as  a  safety  measure  and 
as  a  protection  to  the  bridge  structure.  Curbs  9  to  12 
inches  in  height  are  used.  Some  States  use  even  higher 
curbs  and  batter  the  face  so  that  the  vehicle  hub  will 
not  scrape.  Several  bridge  failures  have  occurred  as  a 
result  of  vehicles  colliding  with  a  main  bridge  member, 
and  signs  of  collisions  are  so  common  on  bridges  as  to 
indicate  the  necessity  of  protection. 


'  See  Subgrade  Studies  of  the  Bureau  of  Public  Heads  on  page  I  of  this  issue. 


Device  for  Offsetting  Cable  Wires  from  Supporting 
^  Posts 

Shoulders. — There  is  a  decided  trend  toward  wider 
shoulders  on  rural  highways.  On  any  main  route  the 
entire  surface  is  needed  to  accommodate  moving 
traffic.  Even  where  traffic  is  light  a  vehicle  parked 
on  any  portion  of  a  surface  designed  to  accommodate 
two  lanes  of  traffic  constitutes  an  element  of  danger, 
and  if  such  parking  is  on  a  location  with  restricted 
sight  distance  the  danger  is  a  most  serious  one.  The 
stopping  of  vehicles  on  account  of  breakdowns  and 
other  reasons  is  unavoidable  and  wider  shoulders  to 
accommodate  such  cases  are  justified.  The  greater 
width  of  graded  roadway  will  permit  surface  widening 
on  a  consolidated  foundation  when  required.  At 
least  80  per  cent  of  the  current  plans  provide  for  shoul- 
ders more  than  4  feet  in  width.  Most  of  them  provide 
for  5  feet,  and  a  few  require  6  feet  or  more. 

Grade  crossing  elimination. — The  railroad  grade 
crossings  are  recognized  as  one  of  the  most  important 
factors  in  the  highway  problem,  and  the  public  is 
thoroughly  aroused  to  the  necessity  for  reducing  this 
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dang:er.  It  is  recognized  that  all  crossings  can  not 
be  eliminated  ininiodiately  and  that  an  annual  program 
must  be  worked  out,  abolishing  the  crossings  in  the  order 
of  their  relative  danger  and  taking  into  considei-ation 
the  volume  of  rail  and  highway  traffic. 

During  the  past  year  414  gi-^de  crossings  have  been 
eliminated  on  Federal-aid  projects,  making  a  total  of 
1,794  since  Federal-aid  woi'k  started.  This  is  about 
34  per  cent  of  the  grade  crossings  encountered.  Of 
the  crossings  eliminated  1,076  were  by  relocation  and 
the  balance  by  means  of  oveipass  or  underpass.  Of 
the  crossings  eliminated  during  192(i,  202  wer(>  by 
relocation  of  the  highway. 

Road  f(///f.s\~-  Figures  1  and  2  show  graphically  the 
trend  of  type  selection  on  Federal-aid  projects.  The 
data  are  shown  by  B^deral  fiscal  years  (>nding  June  30 
of  the  designated  year.  The  figures  would  not  be 
materially  diftcrent  had  calendar  years  been  used 
instead  of  fiscal  years.  Figure  1  shows  the  total  mileage 
of  the  various  types  of  completed  Federal-aid  projects, 
and  also  the  mileage  completed  during  the  fiscal  year 
1926.  Gravel  easily  predominates  with  38.7  per  cent 
of  the  total,  and  cement  concrete  is  second  with  20.3 
per  cent.  These  two  types  also  predominated  in  1926 
with  almost  the  same  ratios,  namely,  gravel  38  per 
cent  and  cement  concrete  24  per  cent.  Sand-chiy 
mileage  is  9.3  per  cent  of  the  total  but  only  6.3  per 
cent  of  the  1926  mileage,  indicating  that  this  type  is 
not  holding  its  former  popularity.  The  mileage  of 
this  type  has  been  steadily  decreasing  on  Federal-aid 
work  since  1922,  and  for  new  work  is  now  practically 
confined  to  Alabama,  Georgia,  and  South  Carolina. 
Waterbound  macadam  also  shows  a  decreasing  popu- 
larity, being  2  per  cent  of  the  grand  total  and  only  0.7 
per  cent  of  the  1926  mileage;  but  bituminous  macadam 
forms  a  larger  percentage  of  the  1926  work  than  of 
the  total  mileage.  Bituminous  concrete  maintains 
approximately  the  same  position  in  the  1926  work  that 


it  occupies  in  the  total  mileage,  but  brick  dropped 
considerably.  Comparison  of  the  mileage  completed 
each  year  since  1920  is  shown  in  Figure  2. 

Concrete  pavement  design. — Since  the  use  of  Portland 
cement  concrete  for  pavement  surfaces  is  a  com- 
paratively ]-ecent  development,  it  is  natural  that  more 
changes  are  to  be  found  in  the  design  of  this  type  of 
pavement  than  in  other  types.  Tables  1  and  2  sum- 
marize the  general  practice  in  1926.  The  most  im- 
portant change  is  in  the  shape  of  the  cross  section. 
Pi'ior  to  the  season  of  1921  all  Federal-aid  concrete 
projects  pi'ovided  for  pavements  of  uniform  thickness 
or  of  less  depth  at  the  edges  than  at  the  center.  In 
1921  the  State  Highway  Department  of  Arizona  sub- 
mitted three  pi'ojects  involving  the  unique  idea  of  con- 
structing concrete  pavements  with  the  edges  thicker 
than  the  center.  During  1921  and  1922  the  Pittsbm-g 
and  Bates  test  roads  were  constructed  and  the  results 
of  the  tests  were  widely  published,  with  the  result  that 
in  1922  over  5  per  cent  of  the  concrete  pavement  de- 
signs for  Federal-aid  projects  were  of  the  thickened- 
edge  type.  In  1923  the  percentage  of  thickened-edge 
designs  increased  to  46  per  cent,  in  1924  to  73  per 
cent,  in  1925  to  80  per  cent,  and  in  1926  to  81  per 
cent.  In  mileage  of  roads  the  percentage  of  the 
thickened-edge  type  would  be  much  greater  because 
the  uniform-thickness  and  thin-edge  designs  are 
mostly  on  short  projects. 

Wliile  the  thickened-edge  section  has  been  almost 
unanimously  accepted  in  principle  by  the  State  high- 
way departments,  there  is  still  a  notable  lack  of  uni- 
formity in  the  dimensions  of  the  section  used  in  various 
States  which  can  not  be  wholly  accounted  for  by  vary- 
ing requirements  of  IcKiding  and  subgrade  conditions. 
The  difficulty  encountered  in  properly  shaping  and 
consolidating  the  subgrade  has  had  considerable  efl^ect 
in  producing  these  variations.  A  study  of  the  designs 
submitted   to   the  bureau  during   1926  shows  that  in 
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Fig.  2.— Mileage  of  Each  Type  of  Road  Constructed  With  Federal  Aid  Each  Fiscal  Year  Since  1920 


15  States  the  increase  in  thickness  is  made  in  the  outer 
2  feet  of  the  pavement,  while  in  10  States  the  increase 
is  made  in  the  outer  3  feet.  Tn  4  States  the  transition 
IS  made  in  the  outer  4  feet.  Six  States  obtain  the 
thickened  edge  by  using  a  curved  subgrade  and  a  sur- 
face crown  of  longer  radius,  and  one  State  uses  a  two- 
plane  subgrade  so  that  the  increase  in  depth  is  at  a 
uniform  rate  from  the  center  to  the  edges. 


Next  in  importance  to  the  general  adoption  of  the 
thickened-edge  design  is  the  adoption  of  the  longi- 
tudinal center  joint  in  concrete  pavements  by  a  large 
majority  of  the  State  highway  departments.  Thirty- 
four  States  now  definitely  require  a  longitudinal  joint 
and  it  is  expected  that  the  coining  season  will  show  an 
increase  in  this  practice.  The  longitudinal  joint,  in 
addition    to   effectually  preventing  irregular  and   un- 
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sightly  longitudinal  cracking,  acts  as  a  permanent 
traffic  line  and  permits  of  half-width  construction.  A 
number  of  States  now  require  that  the  pavement  be 
constructed  one-half  at  a  time  in  order  to  avoid  de- 
touring  traffic  during  the  construction  and  curing 
period.  In  most  cases  the  joint  is  formed  by  a  deformed 
plate  of  16  or  18-gauge  metal  which  produces  a  tongue- 
and-groove  connection.  A  majority  of  the  States  also 
require  dowels  across  the  longitudinal  joint  but  there  is 
no  general  agreement  as  to  whether  or  not  these  dowels 
should  be  bonded.  In  some  States  deformed  bars  are 
used  to  insure  a  bond  and  in  others  precautions  are 
taken  to  prevent  bonding. 

The  question  as  to  whether  or  not  expansion  joints 
are  required  in  concrete  pavements  is  being  given  con- 
siderable study,  as  is  the  question  of  their  proper  spac- 
ing. The  majority  of  States  are  using  expansion  joints 
at  more  or  less  regular  intervals  but  a  considerable 


joint.  There  does,  however,  seem  to  be  a  general  agree- 
ment that  when  dowels  are  used,  provision  should  be 
made  for  free  movement  of  the  concrete  by  preventing 
the  bonding  of  both  ends  of  the  dowels. 
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Fig.  3. — Special  Features  of  Concrete  Pavement  Design 
Used  in   1926 

number  of  States  do  not  consider  them  necessary. 
As  yet  no  general  agreement  has  been  reached  among 
the  States  using  expansion  joints  as  to  their  proper 
spacing  and  width,  or  the  necessity  of  dowels  across  the 


SECTION  OF  PARTIAL  JOINT 


Fi(i.  4. — Special  Features  of  Concrete  Pavement  Design 
IT.sed  in  1926 

Little  change  is  noted  in  the  proportions  of  cement  to 
total  aggregate  in  the  pavement  mixtures  but  there  is  a 
growing  tendency  to  vary  the  proportions  of  fine  to 
coarse  aggregates  to  produce  dense  concrete.  Con- 
siderable emphasis  is  being  placed  on  the  amount  of 
vvater  used  in  the  mix  and  relatively  dry  mixes  are  now 
the  rule  rather  than  the  exception.  Admixtures  do  not 
appear  to  be  gaining  in  popularity  since  only  two  States 
use  an  admixture  as  a  standard  requirement.  The  use 
of  special  cement  or  special  methods  of  manipulation 
to  obtain  high  early  strength  is  coming  into  use  for 
emergency  work,  particularly  in  the  construction  of 
bridge  floors,  but  does  not  appear  to  be  considered  for 
ordinary  concrete  pavement  construction   because  of 
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the  large  increase  in  cost.  In  general,  the  mixtures 
specified  for  concrete  pavements  range  from  1:2:3 
to  1 :  2:  4,  although  certain  States  specify  a  cement-sand 
ratio  of  1 :  1  J/2  oi"  1 :  1/^  foi'  special  aggregates. 

Less  steel  per  square  yard  of  pavement  is  now  used  as 
reinforcement  than  formerly,  although  the  total  auiount 
of  steel  used,  including  edge  bars,  dowels,  and  metal 
joints  is  probably  greater.  Only  seven  States,  si.\  of 
which  are  located  in  the  northern  part  of  the  country 
where  the  soil  freezes  to  considerable  depth,  specify  bar 
mats  in  preference  to  fabric  reinforcement.  The 
majority  of  States  using  a  reinforced  design  specify 
fabric  or  permit  either  fabric  or  bai'  types  to  be  used. 

Figures  3  and  4  show  sketches  of  some  unique  and 
interesting  features  of  design  found  in  certain  States. 
In  compiling  the  data  for  Tables  1  and  2  effort  was 
made  to  eliminate,  so  far  as  possible,  such  designs  as 
appeared  to  be  unusual  and  to  select  the  one  most  repre- 
sentative of  the  usual  practice  in  each  State.  Certain 
States  have  developed  standard  designs  which  are 
apparently  used  without  variation,  while  other  States 
vary  such  features  as  depth  of  pavement,  mix,  amount 
and  position  of  steel  reinforcement,  spacing  of  transverse 
joints  or  the  shape  of  the  cross  section  to  fit  local  condi- 
tions. In  four  States  so  few  projects  involving  concrete 
pavements  have  been  received  that  no  general  idea  of 
their  practice  in  designing  could  be  obtained. 


the  development  of  corrugations  in  the  surface  under 
heavy  traffic. 

Protection  of  the  edges  of  bituminous  macadam  by 
an  extension  of  the  base  course  has  been  adopted  to  a 


Half-width    Construction    of    Concrete    P.WEMENT.'i 
Avoids  Detouring  During  Construction 

Sand-clay  and  gravel  surfacing. — There  does  not  ap- 
pear to  be  any  material  change  in  recent  years  in  the 
technic  of  constructing  sand-clay  roads,  but  the 
tendency  in  clay-bound  gravel  construction  is  toward 
the  use  of  smaller  sizes  of  gravel  in  the  surface  com'se. 
Experience  in  maintaining  gravel  roads  under  auto- 
mobile traffic  has  shown  that  gravel  larger  than  1  inch 
in  size  is  loosened  and  "kicked  out"  of  the  surface  and 
any  considerable  amount  of  large  gravel  is  likely  to 
result  in  failure  of  the  surface  by  ravelling. 

Bituminous  macadam. — In  the  construction  of  bi- 
tuminous penetration  macadam  there  has  been  a 
notable  trend  toward  the  use  of  stiffer  binder.  As  an 
illustration  of  this  change,  the  penetration  test  re- 
quu-ements  in  Ohio  have  been  reduced  from  a  range  of 
90  to  120  in  1923  to  85  to  100  in  1926  and  in  North 
Carolina  90  to  120  m  1922  to  80  to  100  in  1926,  and  in 
New  York  from  120  to  150  in  1923  to  100  to  120  in  1926. 
There  is  also  a  tendency,  in  this  type  of  construction, 
to  use  larger  and  more  uniform  sizes  of  crushed  stone 
and  to  reduce  the  depth  of  the  top  com-se  from  the  3 
and  33^2  inches  formerly   used   to  2   and  2}^  inches. 

The  reduction  in  the  depth  of  the  course  and  the 
use  of  larger  and  more  uniform  sizes  of  stone  permits 
more  complete  and  uniform  penetration  of  the  course, 
and,  together  with  the  stiffer  asphalt.,  tends  to  eliminate 


A  California  Road,  Originally  a  24-foot  Bituminous 
Concrete  on  a  Concrete  Base,  Widened  to  42  Feet 
BY  THE  Addition  of  Concrete  Shoulders  and  a  New 
Asphaltic  Concrete  Surface  Applied 

limited  extent  and  this  feature  is  standard  design  in 
Ohio. 

Bituminous  concrete. — The  effect  of  research  and 
wider  experience  in  the  construction  and  maintenance 
of  bituminous  concrete  pavements  is  shown  in  the 
tendency  toward  more  rigid  requirements  in  grading 
the  mineral  aggregates.  The  practice  of  constructing 
this  type  of  surfacing  on  a  rigid  base  of  Portland 
cement  concrete  appears  to  be  gaining  in  favor,  due  to 
the  difficulty  in  properly  consolidating  new  macadam 
i)ases  and  also  to  the  small  differential  in  the  cost  of 
construction. 

BricTc. — Until  rather  recently  grout-filled  brick  on  a 
sand  cushion  and  monolithic  brick  pavements  were 
standard  construction,  but  these  types  are  now  prac- 
tically obsolete.  All  of  the  Federal-aid  brick  pavement 
projects  submitted  for  several  years  have  provided  for 
the  use  of  a  bituminous  joint  filler.  The  practice  of 
laying'  bricks  flat  rather  than  on  edge  is  now  so  com- 
monly adopted  as  to  be  accejDted  as  standard  con- 
struction. 


Old  Penetration  Macadam  i\  AIauyi.axi)  Kkconstructed 
and  Widened  by  the  Addition  of  New  Concrete 
Shoulders  and  New  Penetration  Macadam  Top 

Recent  test  results  indicate  that  brick  as  thin  as  23^ 
inches  may  be  used  for  paving.  The  report  on  these 
tests  '  has  been  issued  only  recently  and  it  is  anticipated 
that  the  results  will  be  reflected  in  designs  submitted  in 
the  future. 

(Continued  on  p.  20) 
2  'J'liiu  B   ck  ruvomen     Studied,  VuBi.ic  Koads,  vol.  7,  No.  7,  Si-ptoTuhcr,  l!i2<i. 
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PROPORTIONING   CONCRETE   AGGREGATES    BY 

WEIGHT 

By  R.  W.  CRUM,  Engineer  of  Materials  and  Tests,  Iowa  Highway  Commission 

T  HAS  been  demonstrated  by  numerous  investigators        Figure  1  shows  the  typical  efl'ect  ol"  moisture  upon 
that  the_  strength  of    concrete  depends    upon  the    the  bulk  of  sand.     This  effect  is  sufficient  to  produce 


relation  between  the  amount  of  cement  in  a  unit 
volume  and  the  total  amount  of  solids  in  that  volume. 
The  weights  of  the  materials  are  proportional  to  the 
volumes  of  solid  material  in  the  concrete,  and  it  is 
therefore  logical  to  express  proportions  by  weight. 
Expressing  proportions  by  weight  also  greatly  facili- 
tates computations  of  quantities  of  mateiials  and  the 
design  of  equivalent  mixtures  from  dissimilar  materials. 

MEASUREMENT   BY    WEIGHING   RESULTS  IN   ACCURATE   PROPOR- 
TIONING 

If  the  fine  and  coaree  aggregates  in  concrete  are  to 
bear  a  definite  relation  to  each  other,  the  advantages 
of  weighing  the  aggregates,  instead  of  measuring  them, 
are  obvious.     Weighing  provides  a  means  of  securing 
accurate  quantities  of  materials  for  each  batch,  without 
the  necessity  of  taking  into  account  the  bulking  effect 
of  moisture  as  in  loose  volumetric  measure,  and  without 
additional  cost.     The  contractor  as  well  as  the  State 
has  an  accurate  i-ecord  of  the  actual  amount  of  mate- 
rial used.     The  concrete  is  more  uniform  in  quality, 
and  the  inspector  can  more  easily  control  the  measur- 
ing and  mixing  operations  and  make  changes  in  quan-   i- 
tities  when  necessary.     Experience  in  Iowa  with  some   [^ 
40  installations  gives  vei'y    convincing  evidence  that   <_> 
the  equipment  needed  is  inexpensive,  easily  installed,    S 
and  can  be  rapidly  operated.  o 

The  primary  objective  in  measuring  the  ingredients 
for  concrete  by  any  method  of  measurement  is  to  main- 
tain definite  and  constant  relationships  between  the 
constituents  of  successive  batches.  Accurate  volu- 
metric measurement  may  be  possible,  but  in  actual 
practice  even  with  first-class  inspection,  accuracy  equal 
to  that  of  weighing  can  not  be  attained  without  extreme 
vigilance  and  expenditure  of  time.  It  has  been  found 
easily  possible  to  weigh  consistently  to  5  pounds  or  less. 
In  an  ordinary  five-bag  l)atch  of  1:2:33/2  concrete 
this  means  a  possible  error  of  0.3  per  cent.  If  measured 
by  volume  in  a  straight-sided  box  having  an  area  of 
6  square  feet,  a  variation  of  1  inch  in  height  in  filling 
the  box  means  a  possible  error  of  3.5  per  cent. 


WEIGHING    AGGREGATE    ADVANTAGEOUS    FROM    VIEWPOINT    OF 
BOTH   ENGINEER   AND   CONTRACTOR 

The  relative  accuracy  of  the  measuring  method  is, 
however,  not  the  most  vital  factor.  Even  if  the 
materials  should  be  accurately  measured  by  volume, 
changes  in  the  moisture  content  of  the  sand  might 
make  relatively  large  changes  in  the  batch.  A  large 
amount  of  research  has  been  devoted  to  study  of 
the  bulking  effect  of  moisture  in  sand  and  means  of 
making  corrections  when  measuring  sand,  but  it  is  still 
common  practice  to  ignore  this  factor  where  concrete 
is  made  in  large  quantities.  The  simplest  solution  is 
to  weigh  the  materials  and  do  away  with  the  problem. 
The  effect  of  moisture  upon  weight  is  very  small  as 
compared  to  its  effect  upon  bulk,  and  the  weight  can 
be  very  quickly  and  easily  corrected  for  the  amount 
of  moisture  present. 


an  appreciable  variation  from  theoretical  proportions 
on  practically  every  job  where  volumetric  propor- 
tioning is  used.  Assuming  that  a  1:2:33^  mi.x- 
ture  of  dry  materials  measured  by  volume  would 
require  1.42  barrels  of  cement  per  cubic  yard  to  make 
concrete  of  80  per  cent  density.  If  the  sand  used 
should  contain  2  per  cent  of  moisture,  the  cement 
content  would  be  increased  to  1.506  barrels  per  cubic 
yard — an  increase  of  6  per  cent.     Now  if  the  materials 
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MOISTURE-PER  CENT 

Fig.   1. — Typical  Curve.s  Illustrating  Effect  of  Moistuhe 
ON  Bulking  of  Sand 

were  to  be  weighed  instead  of  measured  by  volume, 
the  same  result  would  be  secured  with  dry  materials, 
but  with  sand  containing  2  per  cent  moisture  the 
cubic  yard  of  concrete  would  contain  1 .43  barrels  of 
cement,  an  increase  of  only  0.06  per  cent.  In  other 
words,  2  per  cent  of  moisture  in  the  sand  means  an 
increase  in  the  cost  of  cement,  which  is  ten  times 
larger  when  the  materials  are  measured  by  volume 
than  when  they  are  measured  by  weight.  Even  this 
small  increase  could  be  lowered  by  correcting  the 
batch  weights  for  the  moisture  content. 

Of  course  if  proportions  are  based  upon  dry  mate- 
rials, any  change  in  moisture  with  volumetric  meas- 
urements will  result  in  richer  concrete,  and  hence  the 
procedure  may  be  safe,  but  there  is  a  big  advantage 
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in  uniformity,  and  at  least  the  contractor  will  recognize 
the  advantage  of  not  having  the  cement  overrmi  the 
estimated  quantity.  The  practice  in  Iowa  is  to  run 
moisture  determinations  about  six  times  a  day  or 
oftener  and  correct  the  batch  weights  accordingly. 

One  of  the  most  serious  criticisms  of  our  concrete 
pavement  work  is  the  lack  of  uniformity  in  the  quality 
of  the  concrete.  There  are,  of  course,  a  number  of 
factors  upon  which  the  uniformity  depends.  Un- 
doubtedly the  accuracy  of  measurement  of  the  various 
ingredients  is  one  factor  of  major  importance,  and 
although  improvement  in  this  one  thing  will  not 
entirely  solve  the  problem,  no  solution  can  be  had 
until  the  materials  are  measured  with  uniform  accuracy. 

CHANGE  IN  PRACTICE  IN  IOWA  RESULTS  IN  MORE  UNIFORM  CON- 
CRETE 

The  Iowa  Highway  Commission  has  for  several 
years  studied  the  composition  of  the  concrete  in  the 
roads  by  making  sieve  analyses  of  samples  taken  once 


fine  aggregate  or  sand  is  that  part  passing  the  No.  4 
sieve  having  0.185  inch  square  openings-.  As  shown 
by  the  diagram  (fig.  2)  the  proportions  of  the  sand  in 
the  mixes  actually  passing  the  No.  4  sieve  ranged 
from  18  to  60  per  cent.  Figure  3  is  typical  of  results 
obtained  since  weighing  was  introduced  in  1924.  It 
will  be  observed   that  the  sand  content  ranges  onlv 
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Fig.  2. —  Grading  of  Aggregate  on  a  Job  Where  Volumetric 
Proportioning  Was  Used.  Samples  Were  Taken  Daily 
From  the  Concrete  After  Placing  and  the  Cement 
Removed    by    Washing 
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Fig.  3. — Grading  of  Aggregate  on  a  Job  Where  Materials 
Were  Proportioned  by  Weight.  Samples  Were  Taken 
Daily  From  the  Concrete  After  Placing  and  the  Cement 
Removed  by  Washing 

each  day  from  the  road  while  yet  wet.  The  cement 
is  removed  by  washing  and  the  aggregate  remaining 
is  dried  and  screened.  Figure  2  shows  these  sieve 
analyses  plotted  for  each  day's  run  through  a  paving 
operation  in  1921,  and  is  typical  of  results  secured  by 
volumetric  measurements,  under  first-class  inspection. 
According  to  the  specifications,  the  mixture  should 
have  contained  34  per  cent  of  fine  aggregate.     The 


MEASUREMENT  BY  WEIGHT 


1''h!.  4. — Maximum  and  Minimum  Percentage  of  Sand  in 
Total  Aggregate  During  a  Season's  Run  on  a  Number  of 
.Jobs  Some  of  Which  Proportioned  by  Volume  (Prior  to 
1924)  and  Some  by  Weight.  Samples  Were  Taken  Daily 
and  Each  Bar  Represents  the  Extreme  Variation  on 
One  Job.  In  All  Cases  the  Specification  Required  Ap- 
proximately 34  Per  Cent  Sand  in  the  Aggregate 
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MEASUREMCNT  BY  VOLUME 
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measurement  by  weight 

Fig.  5. — Variation  in  Use  of  Cement  From  Theoretical 
Requirement  on  Jobs  Proportioning  by  Volume  (Prior 
TO  1924)  AND  by  Weight.  Each  Bar  Represents  a  Sea- 
son's Work  With  One  Mixer 

from  30  to  41  per  cent.  This  is  not  perfect,  but  is 
undoubtedly  an  improvement.  Figure  4  shows  the 
maximum  and  minimum  sand  content  of  concrete 
during  a  season's  work  on  a  number  of  jobs,  some  of 
which  proportioned  by  volume,  and  others  by  weighing. 

Proportioning  by  weight  rather  than  volume  avoids 
errors  due  to  bulking  and  permits  of  easy  correction 
for  weight  of  moisture  and  thus  reduces  overrun  in 
cement  and  aggregates  due  to  these  factors — or,  in 
other  words,  makes  the  yield  more  uniform.  The 
estimated  quantities  of  cement  and  aggregates  are 
usually  based  upon  dry  materials,  and  therefore,  in 
measuring  by  volume,  moisture,  especially  in  the  sand, 
will  increase  the  cement  per  cubic  yard  and  decrease 
the  yield.  In  weighing,  however,  accurate  batches 
can  be  produced  and  the  yield  per  barrel  of  cement 
kept  more  constant.     Our  experience  is  as  follows: 

Out  of  41  contracts  during  the  period  from  1920  to 
1923,  with  aggregates  measured  by  volume,  the  maxi- 
mum average  overrun  in  cement  for  a  season's  work 
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on  one  job  was  10.8  per  cent,  fhe  greatest  underrun 
was  1.8  per  cent,  and  the  average  for  all  jobs  was  2 
per  cent  overrun.  Out  of  23  contracts  during  1924 
and  1925,  with  aggregates  weighed,  the  maximum 
overrun  in  cement  was  3.6  per  cent,  the  minimum  0.3 
per  cent,  and  the  average  for  all  jobs  was  1.8  per  cent. 
Variations  in  slab  thicl^ness  will  always  cause  varia- 
tions in  recorded  cement  content  per  unit  of  volume. 


Bottom  Dumping  Hopper  Supported  by  Weighing  Device 
Used  at  a  Central  Mixing  Plant 

and  under  rigid  inspection  the  tendency  will  be  to 
overriln.  Data  for  1926  are  now  shown  for  the  reason 
that  on  account  of  the  extraordinarily  wet  season, 
most  of  the  contracts  showed  an  unusually  large  over- 
run in  materials,  due  to  great  difficulty  in  preparing 
subgrade.  It  would  appear  from  the  above  data, 
which  are  shown  graphically  in  Figure  5,  that  some 
improvement  in  uniformity  was  made. 

A  valuable  result  of  the  weighing  of  materials  is  the 
accurate  record  of  the  amount  of  material  actually 


WEIGHT  PROPORTIONING 


VOLUME  PROPORTIONING 


AVERAGE  CRUSHING  STRENGTH  PER  JOB 


Fig.  6. — Results  of  Compression  Tests  of  Cylinders  Made 
Daily  on  a  Number  of  Jobs  Some  of  Which  Proportioned 
BY  Weight  and  Some  by  Volume.  Each  Point  Plotted 
is  Based  Upon  a  Season's  Work  With  One  Mixer 

used  in  the  structure  which  is  obtained.  Since  such 
materials  are  customarily  bought  and  sold  by  weight, 
such  a  record  should  be  of  great  value,  especially  to 
the  contractor.  At  several  times  in  the  past  few 
years  settlements  between  the  highway  commission, 
contractors,  material  producers,  and  carriers  would 
have  been  greatly  facilitated  had  such  a  record  been 
available.     In  one  case,  a  paving  contractor  was  billed 


for  sand  and  gravel  and  freight  at  such  a  rate  that 
every  cubic  yard  of  concrete  he  made  would  have 
contained  3,900  pounds  of  sand  and  gravel.  In  the 
proportions  specified,  this  would  have  meant  the  pro- 
duction of  concrete  of  105  per  cent  density.  The 
producer  of  the  material  recognized  this  absurdity 
and  settled  for  a  more  reasonable  amount,  but  thfs 
settlement  was  on  a  guess  and  not  based  on  facts  as 
it  would  have  been  had  the  material  been  weighed 
when  mixed. 

STRENGTH    OF    CONCRETE    PROPORTIONED    BY    TWO    METHODS 
INVESTIGATED 

There  is  no  question  but  that  the  realization  of  the 
foregoing  contractual  advantages  will  result  in  closer 
biddmg  and  reduction  in  cost  to  the  public.  Any 
reductions  in  construction  uncertainties  are  bound  to 
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CUBIC  FEET  OF  WATER  PER  BAG  OF  CEMENT 
Fig.  7. — Typical  Relation  Between  Water-cement  Ratio 
and  Crushing  Strength  of  Concrete.  An  Increase  of 
0.12  Cubic  Foot  or  0.9  Gallon  of  Water  Per  Bag  of 
Cement  Lowers  the  Strength  of  the  Concrete  with  a 
Strength  of  4,500  Pounds  Per  Square  Inch  to  3,500 
Pounds  Per  Square  Inch 

have  this  effect.  The  method  is,  therefore,  justified 
without  reference  to  the  quality  of  the  concrete. 
However,  since  it  must  be  admitted  that  accm'ate  and 
uniform  measurement  of  materials  is  the  basis  of  uni- 
form concrete,  some  improvement  in  uniformity  of 
concrete  by  means  of  weight  measurements  should 
result.  Examination  of  the  tests  of  cylinders  made 
from  day  to  day  upon  the  paving  jobs  indicates  this 
improvement  to  a  limited  extent  only.  The  same 
range  of  strengths  in  individual  specimens  appears  on 
the  weighed-aggregate  jobs  as  on  those  in  which  the 
aggregates  were  measui'ed  by  volume.  However,  com- 
parison of  the  average  strengths  of  all  of  the  different 
jobs  from  1921  to  1926  indicates  that  the  job  averages 
on  weighing  jobs  are  more  uniform.  This  conclusion 
is  supported  by  the  data  shown  in  Figm^e  6.  Also  the 
percentage  of  specimens  from  the  various  jobs  falling 
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within  20  per  cent  of  the  average  strength  appears  to 
be  the  more  uniform  for  the  weighed  aggregate  jobs. 

It  would  appear  from  study  of  these  data  that  there 
must  be  some  other  variation  in  measurement  that 
affects  the  uniformity  of  the  strength.  With  the 
cement  and  aggregates  accounted  for,  it  is  obvious  that 
in  order  to  secm-e  the  fvdl  benefit  of  the  improved 
methods  described,  refinement  must  be  made  in  the 
control  of  the  water  content  of  the  batches.  Data 
from  many  sources  have  established  that  the  relation 
between  water,  cement,  and  strength  may  be  expressed 
by  a  cm-ve  of  the  form  shown  in  Figure  7.  Since  con- 
crete of  comparatively  high  strength  is  used  on  con- 


BoTTOM  Dumping  Hoppers  Beneath  Bin  Supported  by 
Platform  Scales 

Crete  paving  work,  reference  to  the  curve  for  strengths 
from  3,000  pounds  per  square  inch  up  will  demon- 
strate forcibly  that  on  such  work  the  effect  upon 
strength  of  a  comparatively  small  variation  in  water 
content  is  very  large. 

Special  investigations  were  made  on  two  jobs  where 
the  aggregates  were  accurately  weighed  and  the  water- 
measuring  devices  were  considerably  better  than  ordi- 
nary, with  the  rather  astonishing  result  that  we  found 
a  variation  in  water-cement  ratio  in  fresh  concrete 
of  from  0.684  to  1.072  cubic  foot  of  water  per  bag  of 
cement  in  one  case  and  from  0.648  to  0.959  cubic  foot 
per  bag  in  the  other.  According  to  data  published  by 
Abrams,  Talbot,  and  others,  this  variation  in  water- 
cement  ratio  would  easily  account  for  variation  in 
strength  of  100  per  cent.  The  mixer  operator  and 
inspector  were  trying  to  maintain  a  uniform  consistency 
while  the  observations  were  made.  About  seven 
samples  per  day  were  taken  for  three  days.  The  en- 
gineer who  made  this  investigation  reported  that  care- 
lessness in  handling  cement  was  a  considerable  factor 
in  this  variation.  It  is  evident  that  more  accurate 
methods  for  controlling  the  water-cement  ratio  must 
be  developed,  if  we  are  to  realize  the  maximum  benefits 
from  other  refinements  such  as  weight  propoi'tioning. 

WEIGHING   FOUND   TO    BE    A    PRACTICAL   METHOD 

There  have  proven  to  be  no  practical  difficulties  in 
handling  aggregates  by  weight.  The  equipment  cost 
is  negligible  and  the  time  element  is  not  a  factor.  The 
rate  of  production  has  not  been  influenced  by  this 
method  of  weighing.  The  best  evidence  of  the  ad- 
vantage to  the  contractor  is  the  unanimous  approval 
given  by  the  contractors  who  have  worked  under  this 


system  for  three  years.  This  was  recently  expressed 
at  a  meeting  of  the  paving  section  of  the  central  branch 
of  the  Associated  General  Contractors  of  America. 
The  weighing  of  aggregates  has  been  standard  practice 
in  Iowa  for  three  years  and  is  far  past  the  experimental 
stage. 

Several  varieties  of  weighing  ai)paratus  have  been 
successfully  used.  Simple  field-built  bins  and  hoppers 
used  with  ordinary  platform  or  mill  scales  have  been 
used  as  well  as  permanent  equipment  designed  and 
built  by  manufacturers  of  paving  equipment. 

Four  general  tj^pes  are  in  use,  as  follows: 

1.  Bottom-dumping  hopper  on  lever-weighing  sys- 
tem with  direct  reading  dial  scale. 

2.  Batcher  device  adapted  to  weighing  system, 
usually  with  i)ipe  lever  scales. 

3.  Bottom  or  side  dumping  hopper  on  platform 
scales. 

4.  Hopper  UTounted  on  movable  scales  for  loading 
industrial  railway  boxes. 

In  the  experience  of  the  Iowa  Highway  Commission 
those  installations  have  been  found  most  satisfactory 
which  are  so  arranged  that  the  scale  beam  and  operator 
ai'e  at  the  same  elevation  as  the  weighing  hopper,  so 
that  the  operator  can  observe  the  inside  of  the  hopper 
and  easily  remove  excess  material  if  necessary. 

The  operation  of  a  weighing  plant,  of  course,  in- 
volves thorough  inspection.  It  is  the  inspector's  duty 
to  make  sure  that  the  scales  are  always  in  proper 
working  order,  to  calibrate  them  frequently,  and  to  see 


Batcher  Device  Where  Material.s  Are  Weighed  by  an 
"^Arrangement    of  Pipe.s  and  Levers 

that  the  correct  amount  of  material  goes  into  each 
batch.  The  latter  point  involves  frequent  determina- 
tions of  the  moisture  content  of  the  aggregate  and 
making  the  necessary  corrections. 

It  would  seem,  since  the  weighing  method  provides 
a  more  accurate  means  of  securing  the  specified  amounts 
of  materials  in  every  batch,  thereby  removing  one 
obstacle  to  the  production  of  more  uniform  concrete, 
and  since  this  can  be  done  without  extra  cost,  that  we 
are  justified  in  requiring  this  procedure.  In  the  opin- 
ion of  the  Iowa  Highway  Commission  this  procedure 
marks  a  distinct  advance  in  the  technic  of  construct- 
ing concrete  pavements  or  bases  for  other  types  of 
pavement. 


March,  1927 
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CONCRETE  BRIDGE  TO  BE  TESTED  TO  DESTRUCTION 


An  unusual  opportunity  to  test  to  destruction  a 
large  concrete  bridge  of  modern  design  has  been  pre- 
sented in  North  Carolina.  A  dam  is  now  under  con- 
struction on  the  Yadkin  River  which  will  cause  the 
impounded  water  to  entirely  submerge  the  bridge 
across  the  river  between  Albemarle  and  Mount  Gilead. 

This  bridge  was  built  by  the  State  in  1922  as  a 
Federal-aid  project  and  consists  of  three  open-spandrel 
arch  spans  of  about  150  feet  each  and  14  T-beam  or 
deck-girder  spans  of  approximately  40  feet  each.  The 
over-all  length  from  face  to  face  of  the  ends  bents  is 
1,069  feet. 

A  cooperative  agreement  has  been  entered  into  be- 
tween the  North  Carolina  State  Highway  Commis- 
sion and  the  Bureau  of  Public  Roads  for  the  making 
of  as  complete  tests  as  possible  before  the  bridge  is 
submerged.  It  is  believed  that  the  results  may  be  of 
great  value  to  the  engineering  profession  and  in  order 
to  secure  the  best  technical  direction  possible  several 
organizations  have  been  invited  to  appoint  a  repre- 
sentative on  an  advisory  committee  to  take  charge  of 
the  direction  of  the  tests.  An  invitation  has  been 
extended  to  the  following  organizations: 

University  of  North  Carolina. 

North  Carolina  State  College. 

American  Association  of  State  Highway  Officials. 

American  Society  of  Civil  Engineers. 

American  Railway  Engineering  Association. 

American  Concrete  Institute. 

Highway  Research  Board. 

Bureau  of  Standards. 

American  Society  for  Testing  Materials. 


At  the  present  time  all  but  two  of  these  organizations 
have  accepted  the  invitation.  It  is  proposed  that  the 
advisory  committee  will  formulate  the  test  program  and 
assume  direction  of  the  work  from  the  technical  stand- 
])oint.  The  program  will  be  financed  and  carried  out 
by  the  North  Carolina  Highway  Commission  and  the 
Bureau  of  Public  Roads. 


Yadkin  River  Bridge 

The  period  during  which  the  loading  tests  may  be 
carried  on  will  be  limited  to  the  interval  between  the 
time  when  it  will  be  possible  to  close  the  bridge  to  traffic 
and  the  time  when  the  bridge  will  be  submerged  by  the 
water  impounded  by  the  dam.  With  this  time  limita- 
tion in  view  it  will  be  necessary  to  make  very  complete 
preliminary  arrangements  for  the  work. 


DISPOSITION  OF  MOTOR-VEHICLE  FEES  AND 
GASOLINE  TAXES  IN  IDAHO  AND  UTAH 

Attention  has  been  called  to  the  need  for  a  more  com- 
plete statement  of  the  disposition  of  motor-vehicle  and 
gasoline-tax  revenues  in  Idaho  than  that  contained  in 
the  article  "The  collection  and  disposition  of  motor- 
vehicle  revenues"  in  the  January  issue  of  Public  Roads. 

The  county  assessors  who  collect  the  license  fees  are 
directed  to  remit  10  per  cent  of  their  collections  to  the 
the  State  treasurer,  who  jilaces  these  payments  in  the 
State  highway  fund  to  be  used  for  the  maintenance  of 
State  highways  only.  Ninety  per  cent  of  the  fees  col- 
lected accrue  to  the  counties.  Collection  costs  are  paid 
out  of  funds  appropriated  for  the  department  of  law  en- 
foi'cement,  and  therefore  the  gross  collections  are  di- 
vided between  the  State  and  counties. 

All  of  the  revenue  from  the  gasoline  tax  is  placed  to 
the  credit  of  the  State  highway  fund  from  which  the 
costs  of  administering  the  law  are  paid.  The  net  pro- 
ceeds may  be  used  for  either  maiutenanfe  or  construc- 
tion at  the  discretion  of  the  Commissioner  of  Public 
Works.  No  part  of  the  gasoline-tax  revenue  accrues 
to  the  counties. 

In  the  article  referred  to  Idaho  was  incorrectly 
included  in  the  group  of  States  which  distribute  the 
gasoline  tax  and  the  license  fees  in  the  saute  manner. 
In  this  State  the  counties  receive  90  per  cent  of  the 
license  fees  and  the  State  10  per  cent  and  the  entire  net 
proceeds  of  the  gasoline  tax  accrues  to  the  State. 

In  the  same  article  it  was  stated  that  the  gas^oline-tax 
receipts  in  Utah  are  placed  to  the  credit  of  a  fund  for 
payment  of  interest  and  sinking  fund  charges  on  State 
road  bonds.     This  statement  was  incomplete,  as  all  ex- 


cess revenues  are  placed  to  the  credit  of  the  highway 
fund  for  the  construction  and  maintenance  of  roads. 
In  1926  the  highway  fund  derived  $1,000,000  from  this 
source. 

BOND  OF  PILE  HEADS  IN  CONCRETE  FOUNDA- 
TIONS TO  BE  TESTED 

The  Bureau  of  Public  Roads  is  planning  a  series  of 
tests  to  determine  the  bond  strength  developed  between 
the  heads  of  foundation  piles  and  concrete  foundation 
seals  and  to  investigate  methods  of  anchoring  rein- 
forcing steel  to  pile  heads.  'It  is  planned  to  make 
these  tests  at  an  early  date  in  order  to  secure  informa- 
tion for  the  design  of  Federal-aid  l)iidges  which  have 
been  proposed  for  the  Gulf  region.  In  the  design  of 
these  bridges  special  attention  is  to  be  given  to  the 
pier  designs  in  order  that  they  may  be  capable  of  with- 
standing large  overturning  moments  due  to  high  winds. 

Six  series  of  tests  are  to  be  made  at  the  Arlington 
experiment  station  of  the  bureau.  Short  sections  of 
water-soaked  timber  piles  will  be  incased  in  blociks  of 
1:2:4  concrete  representing  the  foundation  seal. 
Plain  cylindrical  piles  and  pile  heads  which  have  been 
expanded  by  means  of  wooden  wedges  are  to  be  used 
and  will  be  pulled  from  the  concrete  by  means  of 
hydraulic  jacks. 

The  relative  effectiveness  of  difi'erent  methods  of 
anchoring  reinforcing  steel  to  pile  heads  is  also  to  be 
determined.  These  tests  will  include  hacked  bars 
driven  into  pile  heads,  bars  with  fox-bolt  ends  driven 
into  pile  heads,  and  special  steel  pile  rings  designed 
for  the  attachment  of  reinforcing  bars.  The  anchorage 
developed  will  be  determined  by  pulling  the  steel  from 
the  pile  head  in  a  large  testing  machine. 
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One  section  of  the  Gansevoort  road  m  New  York 
shows  no  defects  while  an  adjoining  section  is  a  total  fail- 
ure, the  difference  again  being  due  to  change  in  subgrade. 

W.  F.  Purrington,  of  the  New  Hampshire  Highway 
Department,  points  out  that  a  section  of  gravelly  soil 
road  treated  with  bituminous  materials  has  now  accom- 
modated traffic  through  two  wintei-s,  while  wheels  sank 
to  their  hubs  where  the  road  was  not  treated.  It  is 
plainly  indicated  that  additional  support  is  afforded 
by  this  simple  treatment  which  may  warrant  a  reduc- 
tion in  the  thiclaiess  of  gravel,  macadam,  or  bitumi- 
nous roads  laid  on  such  surfaces. 

East  of  Cleveland,  Ohio,  brick  surfaces  laid  on  4-inch 
concrete  base  have  been  in  service  for  years,  while  a 
brick  road  laid  on  a  6-inch  concrete  base  south  of 
Cleveland  was  not  adequate.  In  this  case,  the  differ- 
ence in  subgrade  support  had  a  value  of  several  thou- 
sand dollars  per  mile. 

In  a  survey  of  1,277  miles  of  California  roads  in  1920 
it  was  found  that  no  failure  occurred  on  sand  sub- 
grade,  24  per  cent  of  the  failures  occurred  on  loams  and 
76  per  cent  occurred  on  adobe  and  clay  subgrades. 

The  State  of  Delaware  has  found  concrete  with  a 
5-7-5  cross  section  more  satisfactory  in  some  locations 
than  concrete  with  a  6-8-6  cross  section  in  others. 
The  difference  in  support  in  these  instances  has  had  a 
money  value  of  at  least  $3,000  per  mile. 

Some  of  these  examples  may  be  considered  as  ex- 
treme, and  in  some  cases  variables  other  than  support 
may  be  factors,  but  they  serve  at  least  to  indicate  the 
possible  economic  savings  which  may  result  from  the 
intelligent  suiting  of  pavement  design  to  subgrade 
condition. 
^ ^ 

(Continued  from  p.  14) 

Methods  of  reconstruction. — The  reconstruction  of  old 
pavements  which  have  become  badly  worn  or  are  of 
inadequate  depth  and  width  for  present  traffic  is  a 
problem  of  considerable  magnitude  in  some  of  the 
States.     In  the  majority  of  cases  the  old  surfacing  has 


considerable  value  and  the  method  of  reconstruction 
adopted  should  conserve  this  value  as  far  as  possible. 
The  method  of  widening  old,  narrow  macadam  surfaces 
adopted  by  the  State  Roads  Commission  of  Maryland 
has  been  used  on  a  large  mileage  in  the  State.  At  the 
edges  of  the  old  macadam  surface,  concrete  shoulders 
are  constructed.  These  are  generally  2  feet  in  width 
and  8  inches  in  depth  and  are  placed  at  an  elevation 
which  will  permit  resurfacing  the  existing  macadam 
and  at  the  same  time  eluninate  the  excessive  crown 
found  on  many  of  the  old  roads.  Resurfacing  is  done 
with  either  bituminous  macadam  or  bitumunous  con- 
crete. Excellent  results  are  being  obtained  by  this 
method  at  a  moderate  cost  per  mile.  The  same  plan  is 
being  followed  in  other  States  and  in  some  cases  the  side 
strips  are  made  sufficiently  wide  to  form  traffic  lanes. 
The  resulting  pavement  is  particularly  pleasing  to  fast 
traffic  because  of  the  definite  and  ample  separation 
of  traffic. 

Old  concrete  pavements  have  been  successfully 
widened  and  resurfaced  by  constructing  an  additional 
layer  of  plain  or  reinforced  concrete  over  the  old  pave- 
ment and  extending  the  new  slab  beyond  the  edges  of 
the  old  pavement.  In  such  cases  the  new  portion  of 
the  pavement  is  usually  not  less  than  5  inches  in  depth 
at  the  center  and  thickened  at  the  edges  to  equal  the 
combined  depth  of  old  and  new  pavement.  Contrary 
to  expectation,  such  pavements  have  not  shown  any 
marked  tendency  to  develop  cracks  along  the  edges  of 
the  old  pavement  or  over  cracks  in  the  original  surface 
Old  brick  and  bituminous  pavements  on  concrete  bases, 
as  well  as  old  macadam  surfaces,  have  also  been  suc- 
cessfully resurfaced  and  widened  by  the  same  method. 

Concrete  roads  have  also  been  resurfaced  with  bitu- 
minous concrete,  placing  a  first  course  which  takes  out 
the  inequalities  of  the  old  surface  and  then  the  wearing 
course.  Where  additional  width  has  been  desired  this 
has  been  secured  in  some  cases  by  placing  new  concrete 
shoulders  and  in  other  cases  by  laying  a  strip  of  bitu- 
minous concrete  base  on  each  side  of  tile  old  pavement 
and  laying  the  surface  course  on  both  the  new  and  the 
old  construction. 
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LANDSLIDES  AND  THEIR  RELATION  TO  HIGHWAYS 

A  REPORT  OF  OBSERVATIONS  MADE  IN  WEST  VIRGINIA  AND  OHIO  TO  DETERMINE   THE  CAUSE  OF 

SLIDES  AND  DEVISE  MEANS  OF  CONTROL 

Reported  by  GEORGE  E.  LADD,  Associate  Economic  Geologist,  United  States  Bureau  of  Public  Roads 

Part   1 

This,  the  first  oj  two  articles  which  will  deal  with  the  causes  and  control  of  landslides  in  West  Virginia  and 
Ohio,  is  devoted  to  the  geological  characteristics  of  the  region  and  the  causes  of  slides.  A  subsequent  article  will 
deal  more  particularly  urlth  the  engineering  probUms  involved  and  the  various  methods  of  control  which  have  been 
tried,  illustrated  by  reference  to  a  number  of  specific  cases  of  slides.  Physical  analyses  of  materials  and  the  results 
of  laboratory  soil  tests  might  properly  be  included  in  this  first  article,  but  their  presentation  has  been  deferred  in  expecta- 
tion that  it  will  be  possible  to  treat  this  phase  of  the  subject  more  adequately  after  the  completion  of  work  now  in 
progress. 


THE  geological  formations  and  topography  of  a  large 
part  of  West  Virginia  and  Ohio  are  responsible 
for  two  sets  of  economic  conditions — one  good, 
the  other  bad,  of  which,  fortunately,  the  good  far  out- 
weigh the  bad.  The  formations  themselves  contain 
abundant  supplies  of  coal,  oil,  and  natural  gas,  and  of 
clays  and  shales  suitable  for  the  manufacture  of  a 
great  variety  of   products.     The  peculiar  topography 


Fig.  i.  Damage  to  a  Highway  by  a  I^anu.slidk 
Resulting  in  Subsidence,  Upheaval,  and  L.\teral 
Dislocation 

developed  in  them  furnishes  an  immense  potential 
water  supply  and  great  reaches  of  navigable  streams. 
Together  these  constitute  a  tremendous  natural  endow- 
ment of  great  value  and  economic  importance. 

landslides   a   serious   KOAD   PROBLEM 

To  the  road  builder,  however,  these  same  formations 
and  the  resulting  topography  present  a  problem  which, 
not  yet  solved,  makes  road  construction  and  mainte- 
nance both  difficult  and  expensive,  particularly  in 
West  Virginia.  In  the  latter  State  valleys  are  narrow 
and  deep  and  there  are  no  compensating  extended 
ridges.  Roads  are,  therefore,  confined  to  the  valleys  in 
many  of  which  the  best  locations  are  already  occupied 
by  railroads.  As  a  result  the  roads  are  necessarily 
winding  and  nearly  always  up  and  down  hill,  road 
mileage  between  points  is  increased  and  construction  is 
difficult.  But  the  most  serious  of  the  obstacles  whiph 
nature  has  placed  in  the  path  of  the  road  builder  to 
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solve  result  from  landslides  for  the  frequent  occurrence 
of  which  the  geological  formations  and  considerable 
annual  rainfall  are  responsible. 

Such  slides  cost  these  States  annually  a  million  dollars 
or  more  in  extra  construction  work  and  maintenance  of 
roads.  (Figs.  1  and  2.)  They  also  cause  great  annual 
expense  to  railroads  and,  in  a  lesser  degree,  to  power, 
telephone,  telegraph,  gas,  oil,  and  water-supply  com- 
panies. Occasionally  they  damage  a  residence  or  a 
cemetery,  and  to  some  extent  farm  and  grazing  land. 

Roads  are  affected  in  various  ways.  The  slides  may 
merely  fall  upon  them  and  leave  several  thousand 
cubic  yards  of  detritus  to  be  removed.  They  may  be 
dislocated  or  thrown  out  of  line  by  the  impact  of  the 
sliding  material.  The  whole  mass  of  material  above, 
immediately  beneath,  and  beyond  and  below  the  road 
may  move,  covering,  dislocating,  breakmg  and  up- 
heaving, or  sinking  the  road.  Any  one  or  more  of 
these,  which  may  be  called  natural  movements,  may 
take  place  at  a  single  locality.  Yet,  in  their  combined 
effects,  these  movements  of  material  from  a  natural 
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Fig.  2. — In  Some  Locations  There  is  a  Continuous 
Fall  of.  Material  upon  the  Highway  and  it  is 
Particularly  Heavy  in  the  Winter  and  Spring 
Months 

position  are  not  more  destructive,  perhaps  less  so, 
than  the  movements  of  artificially  placed  fill  material 
which  carry  away  the  shoulders  of  the  roads  and  under- 
mine the  pavement  back  to  the  solid  shale  or  sand- 
stone. Conditions  under  which  such  movements  occur 
are  illustrated  in  Figure  3. 
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GEOLOGY  OF  AREA  STUDIED 

The  area  affected  by  slides,  as  shown  on  the  map, 
Figure  4,  includes  the  eastern  and  southeastern  por- 
tions of  Ohio  where  very  many  occur,  and,  roughly, 
the  western  half  of  West  Virginia,  with  local  regions, 
lying  mostly  in  Mineral  and  Grant  Counties,  where  slides 
are  frequent.  Slides  also  occur  in  scattered  localities 
throughout  the  southern  tier  of  counties  in  Ohio. 


PRINCIPAL  SEEPAGE  POINTSa 


ROAD  MAY  BE  HEAVED  OR  DISLOCATED 
OR  IT  HAY  BREAK  UP  AND  SUBSIDE 

FIUMAY  SLIPOUT 

OLD  SLIDE  DEBRIS  MAY 

ALSO  MOVE  DOWN  AND 

OUTWARD 


Fig.  3. — Diagram  Showing  Manner  of  Accumulation  of 
Detritus,  Succession  of  Sandstone  and  Shale  Beds 
and  Natural  Seepage  Planes.  The  Road  Rests 
Entirely  on  Material  Which  is  Not  Permanently 
Stable 

The  area  lies  at  the  southern  limit  of,  and  almost 
entirely  beyond  the  influence  of  the  ice  invasions  of  the 
glacial  period  in  a  great  geosynclinal  trough  or  elongated 
bowl,  the  axis  of  which  begins  in  Greene  County,  Pa., 
and  extends  southwesterly  into  Kentucky.  In  this 
great  trough  the  Pennsylvanian  or  Upper  Carboniferous 
formations  have  been  preserved  from  erosion.  These 
formations    include    the    Monorigahela,    Conemaugh, 


Fig.  4. — Outline  Map  Showing  by  Shaded  Portion 
THE  Area  in  Which  Landslides  are  of  Common 
Occurrence 

Pottsville,  and  Allegheny  series,  and  it  is  in  these, 
particularly  in  the  Monongahela  and  Conemaugh,  that 
a  large  percentage  of  the  slides  in  both  States  occur. 
To  a  much  less  extent  the  base  of  the  Permian  (Dunk- 
ard)  formations  also  furnishes  materials  for  slides,  and 
along  the  southern  border  of  western  Ohio  occasional 
slides  occur  in  the  Niagara  series  of  Silurian  age,  and 
the  Maysville  of  Ordovician  age.     The  latter  are  con- 


FiG.  5.- 


-Typical    Bed   of   Shale   with   Intercalated 
Layers  of  Sandstone 


fined  to  localities  where  very  pure,  "fat"  clay  shales 
have  had  an  opportimity  to  become  water-soaked. 

Within  this  area  where  landslides  are  so  common  the 
geological  formations  consist  of  alternating  strata  of 
sandstones  and  shales,  with  occasional  beds  of  hard, 
compact,  so-called  fire  clay,  and,  in  some  localities, 
thin  beds  of  siliceous  limestone.  Associated  with 
these  are  numerous  beds  of  coal. 

The  standstone  strata  are  traversed  by  numerous 
joint  planes  or  fractures.  They  vary  greatly  in  con- 
tinuity, and  rapidly  in  thickness.  Frequently,  and 
often  abruptly,  they  become  finer  in  grain  until  there  is 
complete  transition  into  shale.  As  a  rule,  the  grains 
are  not  thoroughly  cemented  together  and  generally 
they  exhibit  a  lack  of  toughness  which  makes  them 
unsuitable  for  use  as  a  road  material. 

The  shales  particularly  in  West  Virginia  are  charac- 
teristically siliceous,  even  the  purest  of  them  containing 
enough  silt  to  make  them  slightly  gritty.  They  also 
contain  varying  amounts  of  lime  and  iron,  often  a  great 
deal  of  both.  As  a  general  rule  the  beds  are  more  mas- 
sive and  less  broken  than  the  sandstone  strata,  though 
they  commonly  contain  thin  layers  of  sandstone.  The 
sandstones,  on  the  contrary,  are  often  split  up  into  many 
thin  beds  separated  by  shale  seams.      (Figs.  5  and  6.) 

Lying  within  the  great  geosyclinal  trough  previously 
referred  to,  these  alternating  beds  of  shale  and  sandstone 
dip  generally  toward  the  axis  of  the  trough,  but  the 
major  sycline  is  broken  by  minor  folds  so  that  there  are 
numerous  local  anticlines  and  synclines. 

In  the  portion  of  the  area  which  lies  in  W^est  Virginia 
the  hills  range  from  100  to  2,300  feet  in  height.  All  are 
characterized  by  marked  sharpness  of  slope.  In  eastern 
Ohio,  except  in  the  territory  immediately  adjacent  to 
the  Ohio  River,  the  hills  are  lower  and  more  gently 
rounded,  and  the  deep  narrow  valleys  of  western  West 
Virginia  are  largely  absent. 
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These  conditions,  the  nature  and  composition  of  the 
two  principal  rock  materials;  the  vertical  joints  in  the 
sandstone  layers;  the  massive  and  impervious  character 
of  most  of  the  shales;  the  dip  of  the  strata  (even 
though  very  slight);  the  characteristic  topography  of 
the  region;  and  the  abundant  rainfall,  averaging  43 
inches  a  year;  all  have  a  direct  bearing  on  the  occurrence 
and  character  of  the  landslides  in  the  two  States,  of 
which  there  are  four  principal  types  involving  material 
in  its  original  or  natural  position. 

LANDSLIDES   CLASSIFIED 

The  great  majority  of  the  slides  are  flow  movements, 
either  creeping  or  sudden,  of  the  detritus  which  mantles 
the  solid  rock  of  the  hillsides,  and  which  results  mainly 
from   the   weathering   of   the   exposed   shale   surfaces. 


Fig.  6. — Bed  of  Sandstone  Being  Undermined  by 
Weathering  of  Underlying  Shale.  Note  the  Ver- 
tical Joint  in  the  Sandstone 

These   are  extraordinarily  freciuent   and  involve  rela- 
tively large  masses  of  material.     (Fig.  7.) 

Second  in  number,  perhaps,  and  in  the  seriousness  of 
their  effect  upon  the  highways,  are  those  in  which  super- 
ficial weathered  rock  is  precipitated  as  a  matter  of  slope 
adjustment,  as  illustrated  in  Figure  2.  A  third  class  of 
slide  consists  of  comparatively  small-scale  adjustments 
of  jointed  material  where  a  vertical  face  results  from 
artificial  cut  or  stream  eroi^ion.     (Fig.  16.) 


Least  frequent  of  all  is  a  fourth  class  of  shde  in  which 
the  material  moved  consists  of  large  masses  of  solid 
rock.  Only  one  slide  of  this  type  has  been  brought  to 
the  writer's  attention  in  Ohio,^  and  only  a  few  have 
occurred  in  recent  times  in  West  Virginia.  The  most 
important  of  these  occurred  in  Mmeral  County  just 
south  of  Cumberland,  Md.,  where  a  large  rock  mass 


Fig.  7. — .\  Natural  Landslide  in  West  Virginia.  This 
IS  the  Beginning  of  a  Topographic  Break  Through 
the  Crest  of  a  Hill 

went  out  as  a  result  of  a  highway  cut  in  stratified  rock 
which  dipped  sharply  toward  the  road.     (Fig.  17.) 

In  addition  to  the  foregoing  classes,  all  of  which 
involve  material  in  its  ^original  or  natural  position, 
there  is  a  fifth  class  which  involves  the  movement  of 
artificialh"  placed  highway  fill  material.  Probably 
more  than  50  per  cent  of  the  damage  to  roads  and  the 
most  serious  highway  problems  in  the  two  States  re- 
sult from  slides  of  this  type.     (Fig.  22.) 

It  is  apparent  from  the  mere  description  of  these 
types  of  slides  that  they  are  caused  by  different  com- 
binations of  the  several  geological  and  topographic 
conditions  previously  mentioned,  and  that  no  single 
method  will  suffice  to  prevent  them.  Preventive 
measures  in  each  case  must  take  account  of  the  man- 
ner in  which  the  slide  is  caused.  As  a  basis  for  subse- 
quent discussion  of  possible  preventive  measures,  it 
will  be  desirable  now  to  investigate  the  manner  in 
which  each  of  the  classes  of  slides  is  caused  and  deter- 
mine, in  each  case,  the  effect  of  the  several  contributing 
geological  and  topographic  factors. 

DETRITAL   masses  LUBRICATED   BY   CLAY   AND   ROUNDED   SAND 

The  class  of  slides  which  has  been  described  as  a 
flow  movement  of  detrital  masses — the  predominant 
type  in  the  area  studied — is  conditioned  by  the  nature 
of  the  material  composing  the  mass  and  the  geologic 
structure  upon  which  it  rests.  The  detritus  consists 
of  sandy  clay  originating  from  shale  beds  and  of  sand 
and  sandstone  fragments  and  bowlders  originating 
from  massive  beds  of  sandstone  or  from  the  intercalated 
sandstone  layers  often  scattered  through  the  shale  beds. 
The  sandstones  are  sufficiently  hard  strongly  to  resist 


'  This  slide  ha.<  not  been  visited  by  the  writer  but  is  quite  likel 
undermining  of  a  sandstone  stratum  by  weathering  influences. 


ly  a  case  of  the 
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weathering  influences,  and  the  shales  when  contin- 
ually moist  are  very  resistant  to  simple  erosive  in- 
fluences although  they  yield  to  weathering  processes 
because  of  their  predominant  clay  content.  The 
swelling  of  the  clay  when  wet  and  shrinking  on  drying 
lead  to  cracking,  curling,  and  peeling  off  of  thin 
layers    where    the    shale    is    exposed     to    weathering. 


Fig.  8. — Character  of  Material  Which  Composes 
Landslide  Detritus.  Note  Abund.ance  and  Coarse- 
ness OF  Sandstone  Fragments 

Where  the  shale-clay  is  very  silty,  that  is,  full  of  very 
fine  sand  or  silica  particles,  ordinary  physical  disinte- 
gration occurs  rapidl3^  Under  existing  weather  con- 
ditions such  surfaces  are  alternately  wet  and  dry  and 
there  is  a  continual  sloughing  off  of  the  exposed  shale 
face.  The  fine  material  thus  produced  falls  and  accu- 
mulates on  the  slope  below.  Rain  and  wind  remove 
this  material  to  some  extent  and  deposit  it  further 
down  the  hUl.  In  this  way  the  shale  face  recedes  as 
long  as  it  is  exposed  to  weathering  influences  and  con- 
sequently it  undermines  its  overlying  bed  of  sandstone. 
In  time  the  undermined  sandstone  breaks  off  and 
falls,  often  as  enormous  bowldei's  which  are  subse- 
quently broken  up  into  smaller  fragments  by  freez- 
ing of  water  within  minute  fractures  which  penetrate 
the  sandstone  mass.  The  cover-page  illustration  shows 
an  enormous  block  of  sandstone  brolven  loose  from  its 
bed  as  the  result  of  undermining  through  the  weather- 
ing of  an  underlying  shale.  It  illustrates  one  of  the 
stages  in  the  production  of  the  mixed  detritus  which 
covers  the  hillsides  of  this  region. 

Figure  6  illustrates  the  retreat  of  a  shale  bed  and  the 
undermining  of  its  overlying  sandstone.  In  this  case 
the  laminations  of  the  sandstone  are  such  as  to  pro- 
duce small  fragments  on  falling.  Note  the  vertical 
joint  which  permits  circulation  of  water  through  the 
sandstone  bed  and  that  such  water  must  escape  along 
the  top  of  the  underlying,  impervious  shale  bed. 

The  result  of  these  processes  is  the  accumulation  of 
detrital  masses  consisting  of  various  mixtures  as 
described  above.  The  proportions  of  clay,  silt,  sand, 
and  sandstone  in  these  masses  vary  considerably,  but 
some  clay  is  practically  always  present  and  when  wet 
acts  as  a  lubricant  within  the  mass  and  is  an  important 
factor  in  producing  slides. 

On  superficial  examination  many  of  these  masses 
appear  far  removed  in  charactei'  from  material  that 
could  easily  become  unstable  and  readily  slump  or 
slide.  (Figs.  8  and  9.)  Wherever  surfaces  are  free 
from  vegetation  the  material  seems  to  be  too  rocky 
and  sandy  for  such  behavior,  but  such  surfaces  are 
deceptive.     The   sandstone    fragments,    varying   from 


small,  angular  pebbles  to  large  bowlders,  which  appear 
to  form  a  large  percentage  of  the  mass,  are  merely  a 
residue  which  remains  after  the  removal  of  the  surface 
clay  by  rain,  and  the  interior  of  the  mass  in  which 
clay  remains  is  different  in  character. 

The  shales  of  West  Virginia  and  the  products  they 
form  in  weathering  are  so  full  of  silt  and  fine  sand  that 
they  are  perceptibly  gritty,  but  in  Ohio  they  are  more 
clayey  and  the  further  west  they  occur  the  n  carer  do 
they  approach  to  pure  clay. 

During  the  field  study  it  was  found  that  many  masses 
of  detritus  slumped  or  slid  in  spite  of  the  fact  that  they 
appeared  to  contain  little  clay  matter  and  it  was  thought 
that  the  physical  condition  of  the  sand  and  silt  particles 
might  be  a  factor  of  importance.  A  microscopic 
examination  of  numerous  samples  was  made  and  it 
was  found  that  the  sand  and  silt  pai'ticles  were  highly 
rounded.  Thus  a  quicksand  condition  was  found 
which  accounts  in  part  for  the  ease  of  movement  of 
some  of  these  detrital  masses  when  wet.  Although 
the  detritus  is  rich  in  sandstone  fragments  and  bowlders 
there  still  remain  in  it  sufficient  lubricating  clay  and 
rounded  quartz  particles  to  give  it  a  degree  of  fluidity 
which  leads  to  landslides  even  though  the  water  content 
may  be  relatively  low.  It  is  probably  true,  especially  in 
West   Virginia,    that  many   of   the   superficial   masses 


,-.A. 


Fig.  9. — Typical  Appearance  of  Landslide  Detritus 

which  slide  would  not  do  so  if  the  large  amount  of 
contained  sand  and  silt  were  sharp  and  angular. 

We  have  then,  on  the  hillsides  of  this  area,  masses 
of  material  which  become  unstable  when  the  moisture 
content  passesja  certain  critical  point  which  of  course 
depends  on  the  composition  of  the  mass  and  is  therefore 
variable.     The  water  content  not  only  increases  the 
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lubricating  properties  of  the  clay  and  rounded  sand 
but  also  adds  weight  to  the  mass.  The  heavy  annual 
rainfall  is  sufficient  to  supply  considerable  moisture  by 
direct  surface  application  hut  the  underlying  rock 
structure  is  such  that  it  is  also  an  important  factor  in 
supplying  moisture  to  the  detrital  masses. 

UNDERGROUND    VV.\TER    A   FACTOR   IN   CAUSING   SLIDES 

Reference  has  been  made  to  the  massive,  impervious 
character  of  the  shales,  and  to  the  vertical  joints  ex- 
isting in  the  sandstones.  (See  Fig.  6.)  These  condi- 
tions are  characteristic  of  the  two  materials  in  this 
region.     During  periods  of  folding  the  shales,   being 


Fig.  10.-  Dktkhal  Slide  Moving  Through  Piles  and 
Showing  Flow  Characteristics  Very  Plainly.  Thi.s 
Slide  Occurred  in  Ohio  Where  the  Detritus  Con- 
tains More  Clay  and  Less  Sandstone  Than  in  West 
Virginia 

somewhat  flexible,  have  largely  retained  their  massive 
character  and  mass  continuity  except  in  cases  of  vio- 
lent disturbance.  The  sandstones  being  less  flexible 
have  been  jointed.  The  result  is  that  underground, 
permeating  waters  are  able  only  here  and  there  to 
penetrate  the  shale  beds  whereas  they  can  flow  with 
considerable  ease  along  joint  planes  in  the  sandstone. 
The  shale  beds  are  not  imiformly  impervious  to  water 
however.  Some  of  them  are  so  interbedded  with  thin 
layers  of  sandstone  and  very  silty  clay  that  water  can 
work  through  them  vertically  to  some  extent  and  to  a 
considerable  extent  laterally.  They  are  also  slightly 
jointed,  though  very  much  less  so  than  the  sandstones. 
Occassionally  they  have  been  so  broken  and  tilted  hj 
folding  as  to  become  somewhat  pervious. 

A  condition  is  often  found  where  water  penetrates 
the  mass  of  a  high,  broad  ridge  arid  finds  its  way  freely 
through  sandstone  formations  and  passes  along  the 
upper  surface  of  shale  beds.  It  penetrates  the  shale 
beds  to  some  extent  through  fracture  planes  but  gen- 
erally only  in  small  quantities.  If  there  are  a  number 
of  alternating  beds  of  sandstone  and  shale,  only  a  small 
amount  of  water  will  reach  the  interior  of  the  lower  bed. 

In  many  cases  some  surface  water  does  penetrate 
great  thicknesses  of  these  alternating  shales  and 
sandstones  but  seepage  of  water  is  greatest  along  the 
upper  surface  of  the  shale  beds.  Water  will  naturally 
escape  most  readily  where  there  is  a  slope  to  such  a  sur- 


face. Therefore,  seepage  wiH  be  greatest  on  the  hill- 
sides toward  which  the  structural  slope  is  directed. 
This  means  that  water  will  saturate  the  superficial 
detritus  on  such  hillsides  more  readily  than  on  the 
opposite  sides  where  the  strata  rise  to  the  point  of 
reaching  the  surface.  It  is  believed  that  this  is  true 
even  when  the  dip  involved  is  very  slight.  This  does 
not  mean  that  slides  will  not  occur  on  both  sides  of  a 
ridge  across  which  the  strata  may  dip,  but  it  does 
mean  that  they  will  be  more  frequent  and  more  exten- 
sive on  the  down-dip  side. 

The  great  geosynclinal  fold,  which  has  been  de- 
scribed, causes  a  general  dip  of  the  strata  occurring  in 
West  Virginia  in  a  direction  a  little  north  of  west,  and, 
in  eastern  Ohio,  a  corresponding  dip  averaging  a  little 
south  of  east.  Minor  folds  cause  local  variations  of 
these  dips,  some  of  them  of  considerable  magnitude. 
The  dip  is  sometimes  steep  but  generally  it  is  gentle 
and  one  can  travel  widely  in  many  parts  of  the  area 
and  not  notice  that  there  is  any  dip  whatever. 

SIZE    AND    RATE    OF    MOVEMENT    VARIES 

Summarizing  the  foregoing  paragraphs,  it  can  be 
said  that  slides  of  detrital  masses  are  brought  about  by 
the  lubricating  qualities  of  the  clay  and  rounded  sand 
content.  The  degree  of  instability  depends  upon  the 
water  content  and  conditions  exist  quite  generally 
where  this  is  supplied  by  underground  seepage  water, 
as  well  as  surface  water.     The  slope  of  the  hillside  upon 
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Fig.  11. — .\\()Thkk    Vikw    Shuwi.ng    iiih    Iliid    Nature 
OF  the  Ohio  Detritus 

which  a  given  mass  rests  and  the  conditions  of  support 
surrounding  it  are  of  course  factors  in  determining  the 
point  at  which  a  mass  will  begin  to  move.  The  various 
illustrations  show  that  the  topography  is  characteristi- 
cally more  or  less  steep  but  that  cases  have  be«n  found 
where  a  sufficient  degree  of  fluidity  has  been  reached  to 
cause  slides  on  gentle  slopes. 

A  detrital  mass  may  be  practically  continuous  for 
300  to  600  feet  or  more  upward,  but  the  slope  may  be 
intersected  by  broad  benches  of  sandstone  which  until 
completely  overriden  tend  to  protect  detritus  below 
from  the 'influence  of   upper  slides,   and   to  limit  the 
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Fig.  12. — Views  of  the  Top,  Middle,  .^nd  Bottom  of  a  Landslide  near  Huntington,  W.  Va.,  Arranged  in  the 
Order  Mentioned.  Note  the  Beginning  of  a  Break  and  the  Old  Slide  in  the  Top  Picture,  the  Fluid  Char- 
acter OF  Material  in  the  Center  Picture  and  the  Upheaval  of  Material  at  the  Bottom  Due  to  Impact  of 
THE  Slide 
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volume  of  a  given  slide.  Vertical  sections  of  detritus 
where  thickness  may  be  observed  are  rare,  but  as  a 
result  of  many  observations  of  the  upper  and  lower 
portions  of  slides  and  cuts  made  by  steam  shovels  in 
removing  their  debris  from  highways  it  appears  that 
the  average  thickness  is  not  more  than  6  or  8  feet. 
Often  over  wide  areas  it  is  less.  The  maximum  thick- 
ness appears  to  be  about  12  feet  except  on  gentle  slopes 
where  it  may  be  somewhat  thicker  and  in  the  lower 
extremities  of  old  slide  masses. 

A  great  majority  of  individual  slides  involve  a  lateral 
extent  varying  from  150  to  300  feet;  some  are  more 
extensive,  others  less  so.  Occasionally  a  long  reach  of 
detritus  on  the  verge  of  instability  as  a  whole  may 
become  involved  in  a  local  slide  and  within  a  few  days 
from  the  first  movement  a  mass  up  to  a  half-mile  in 
length,  measured  along  a  road,  may  be  in  motion. 
Most  of  the  natural  slides  studied  measured  in  length 
up  the  slope  150  to  300  feet  and  in  width  when  consid- 
ered as  individual  slides  from  200  to  400  feet.  A  few 
were  found  which  were  1,000  feet  or  more  broad. 
Such  slides  often  have  no  break  at  the  top  but  thin 
out  there  and  thicken  downward  in  successive  waves 
which  terminate  in  broad,  gently  curving  lobes. 

These  slides  seldom  move  more  than  50  to  100  feet 
before  a  period  of  stability  occurs,  which  may  be  merely 
days  or  may  last  months  or  years.  Attention  has  been 
called  to  the  fact  that  individual  slides  have  been  seen 
extending  up  the  slope  for  a  distance  of  300  feet.  In 
examining  recent  slides  that  have  impinged  on  high- 
ways practically  continuous  slide  material  has  been 
found  for  a  distance  of  600  feet  or  more  up  the  hill. 
In  such  cases,  however,  the  upper  portions  consist  of 
older  slides.  Natural  slides  tend  to  begin  near  the  top 
of  hills  or  ridges  and  are  later  brought  about  successively 
below.  The  age  of  many  of  the  older  upper  slides 
may  be  approximately  determined  in  forested  areas  by 
the  position  and  relative  ages  of  trees.  In  one  case  an 
examination  of  old  slides  400  feet  vertically  above  a 
recent  slide  onto  a  highway  disclosed  growing  on  the 
rough,  pitted  slide-mass,  one  set  of  trees  tilted  in 
various  directions  and  appearing  to  be  from  100  to  125 
years  of  age,  while  a  younger  growth  all  practically 
erect  were  approximately  60  years  of  age.  The  slide, 
therefore,  occurred  somewhere  between  60  and  125 
years  ago  but  probably  not  much  more  than  60  years 
ago. 

The  slide  movement  is  sometimes  sudden  and  com- 
pleted within  a  few  minutes  or  hours.  More  often  it  is 
leisurely  and  a  matter  of  days  or  weeks.  Sometimes 
it  consists  of  a  series  of  short  advances  repeated  at 
intervals  throughout  a  period  of  years.  Slides  from 
the  high,  steep  bluffs  of  the  Ohio  River  sometimes  drop 
like  avalanches.  Although  a  few  of  these  involve 
thousands  of  yards  the  quantity  of  material  in  them 
is  usually  small.  On  high  and  excessively  steep  slopes 
detrital  matter  can  not  accumulate  in  great  quantity 
because  slides  are  too  frequent  and  direct  erosion 
constantly  removes  the  finer  material.  Near  the  base 
of  these  bluffs  there  is  frequently  a  wide  bench  or  an 
area  of  gentle  slope  which  permits  accumulation  of 
detritus  there.  In  such  cases  when  water  saturation 
becomes  sufficient  large  slides  move  upon  the  river  road. 

Such  a  mass  accumulated  on  the  road  going  up  the 
Ohio  River  a  few  miles  north  of  Huntington,  W.  Va. 
Old  rough,  pitted  slides  are  present  from  100  to  200 
feet  up  the  slope.  Two  years  ago  the  bottom  of  this 
mass  which  had  been  cut  through  when  the  road  was 


graded  moved  against  and  upon  the  pavement.  The 
road  surface  was  broken  and  heaved  for  a  distance  of 
200  or  300  feet,  and  several  thousand  yards  of  debris 
suddenly  covered  the  road.  Temporary  stability 
was  then  attained,  followed  by  renewals  of  the  forward 
movement  at  varying  speeds,  but  most  of  which  were 
low. 

This  slide  was  inspected  on  the  morning  after  a 
mass  of  detritus  12  feet  in  thickness  had  been  cleaned 
from  the  road  by  a  steam  shovel.  A  thin  wedge  of 
detrital  clay  projecting  across  the  ditch  from  the  base 
of  the  landslide  mass  was  drying  out  and  had  been 
lifted  clear  of  the  ditch.  The  position  of  its  upper 
edge  was  marked  on  the  margin  of  the  pavement. 
Five  hours  later  it  was  found  that  this  edge  had  ad- 
vanced over  the  pavement  a  distance  oi  2^4  inches. 
Meanwhile  the  sun  had  been  shining  on  this  thin  edge 
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Fig.  13. — Fissures  and  Pockets  are  Typical  of 
Detrital  Slides.  They  Catch  Surface  Water  and 
ARE  Often  Factors  in  Keeping  the  Slide  Moving 

drying  and  shrinking  it.  Probably  it  had  shrunk  at 
least  an  inch  laterally  in  the  interval  between  observa- 
tions so  that  the  rate  of  movement  of  the  landslide, 
at  that  particular  time,  was  approximately  334  inches 
in  five  hours. 

FLOW    MOVEMENT    OF   MANY    SLIDES   OBVIOUS 

There  is  a  widespread  opinion  among  engineers  who 
have  to  deal  with  these  slides  that  their  movement  is 
one  of  mass  along  a  sloping  glide-plane.  They  some- 
times resort  to  drilling  and  blasting  for  the  purpose  of 
breaking  up  and  roughening  the  surface  luiderlying 
the  slide  debi'is  as  a  mean  of  control.  Observation  of 
hundreds  of  slides  of  this  type  is  convincing  that  move- 
ment is  usually  throughout  the  mass  and  not  a  move- 
ment of  it  as  a  more  or  less  solid  whole,  and  that  such 
measures  are  seldom  effective.  This  method  of  control 
will  be  discussed  in  more  detail  in  a  following  paper. 

The  flow  character  of  many  slides  is  plainly  obvious 
especially  m  Ohio,  and  occasionally  in  West  Virginia. 
This  type  of  movement  is  well  illustrated  in  Figures 
10  and  11.  These  slides  consist  of  much  clay  and  more 
or  less  highly  rovmded,  small  particles  of  sand  and  silt. 
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Fig.  14.— NATUR.A.L  Landslides  Modifying  Topography.     The  Benches  are  Due  to  Hard  Sandstone  Strata 


Fig.  15. 


-Landslides  Have  Been  an  Important  Factor  i\   thk   1  )i:\  ilhi'mknt 

Dotted   Line  Shows  Old  Sky  Line 


iRAPHY  in  West  Virginia. 


The  slide  illustrated  in  Figure  10  is  not  satisfactorily 
held  back  by  the  row  of  piling  placed  for  control  be- 
cause when  wet  the  material  becomes  so  fluid  that  it 
flows  between  piles.  The  mud-flow  character  of  the 
slide  illustrated  in  Figure  11  is  obvious.  The  hill 
slope  is  probably  not  a  factor  in  the  movement  of  this 
mass  which,  although  but  10  or  12  feet  in  thickness, 
can  not  support  its  own  weight  when  saturated  with 
water.  In  these  cases  the  mass  movement  is  better 
described  as  a  slump  rather  than  a  slide. 

The  position  of  trees  on  recent  slides  throws  light  on 
the  nature  of  the  movement.  The  inclination  of  trees 
naturally  depends  upon  the  relative  motion  of  the 
surface  as  compared  with  the  material  immediately 
beneath  the  surface.  In  the  center  of  Figure  12,  A, 
there  may  be  seen  a  time-rounded  mass  of  an  ancient 
slide.  Immediately  in  front  of  this  is  a  tree  of  consid- 
erable age  which  had  been  tilted  backward  and  subse- 
quently developed  for  its  upper  part  a  vertical  position. 
The  recent  slide  in  the  foreground  played  no  part  in  the 
position    of   this    tree.     A    definite    flow   of   semifluid 


material  is  plainly  shown  in  Figure   12  which  shows 
views  of  the  top,  slope,  and  bottom  of  a  single  slide. 

Fissures  often  8  or  10  feet  deep  and  in  parallel  rows 
at  right  angles  to  the  direction  of  movement  are  com- 
mon phenomena  in  slides  where  fluidity  of  the  mass  is 
not  high.  These  fissures  are  gathering  places  for  surface 
water  and  so  tend  to  keep  the  mass  moving.  (Figs.  12 
and  13.)  It  often  happens  that  old  detritus  which  is 
well  compacted  and  sodded  on  the  surface  is  squeezed 
and  rolled  up  to  a  height  of  7  or  8  feet  by  the  impact  of 
a  slide  from  above  (fig.  12,  C)-  or  added  weight  arti- 
ficially or  naturally  imposed  upon  it. 

TOPOGRAPHY   DEVELOPED   BY    DETRITAL  SLIDES 

In  going  over  this  region  the  geologist  is  surprised  at 
the  major  influence  detrital  slides  have  had  on  the 
formation  of  topography.  Erosion  gradually  lowers  the 
stream  beds,  but  aside  from  this  its  action  is  confined 
almost  solely  to  removing  the  products  of  landslides. 
GuUeys  and  ravines  on  hillsides  are  rare  and  are  usually 
located  upon  a  course  prepared  by  landslides.     The 
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whole  process  of  the  continuin<;  development  of  topo- 
graphic form,  or  reducing  continuous  ridges  to  short 
ones,  or  to  isolated  hills,  is  easily  observed  and  strikingly 
demonstrated. 

The  development  of  topographic  forms  through  the 
agency  of  landsUdes  is  illustrated  by  Figures  7,  14,  and 
15.  In  Figure  7  a  natural  landslide  is  shown,  but  it  is 
foreshortened  and  the  hill  flattened  as  a  result  of  photo- 
graphic limitations.  This  slide  starts  over  300  feet  up 
the  slope  of  the  hill  and  about  150  feet  vertically  abov(^ 
its  toe.  At  its  head  lies  a  jointed  bed  of  sandstone. 
It  may  be  considered  as  the  beginning  of  a  broad  con- 
cave cut  in  the  hill  which  will  ultimately  reach  and 
involve  its  crest.  Note  its  glacierlike  form,  the  evident 
flow  of  its  material,  the  sharp  break  at  its  top,  and  the 
piled-up,  thickened  lower  end. 

Figure  14  shows  a  deforested  ridge  with  characteristic 
benches  which  are  in  part  if  not  wholly  due  to  the 
presence  of  relatively  hard  sandstone  strata.  On  the 
left  end  of  the  main  ridge  two  natural  slides  appear, 
the  upper  one  being  the  more  recent.  Evidence  of 
other  slides  may  be  seen  at  various  points  toward  the 
right    at    high    elevations.     The    lower   mass    of    this 


LINE  OF  BREAK 


WETTING,  FREEZING  AND 
THAWING,    PRECIPITATED 
THIS  NON-PLASTIC  SHALE 
UPON  ROAD 


STREAM  WHICH  FORMERLY 
FLOWED  AT  BASE   OF  SHALE 
CLIFF. 


Fig.  16. — As  a  Result  of  Frost  Action  in  an  Other- 
wise Stable  Shale  Stratum  Thousands  of  Tons 
OF  Material  Fell  upon  the  Highway 


POINT  OF  UPPER  BREAK 


^SANDSTONE    BROKEN  LOOSE 
OR   COMPLETELY  OUT, 
200 'X  70O'X  12' 


ROAD  AND  SHOULDER 
IS'  WIDE 


SANDSTONE  BOULDERS 


Fig.  17. — Diagram  Showing  How  Bed  of  Sandstone'  12 
to  15  Feet  Thick  Broke  Out  and  Slid  on  a  45°  Slope 
AS  A  Result  of  Making  a  Cut  as  Shown 
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Fig.  18. — Views  Looking  Up  and  Across  a  45°  Slope 
Where  a   Slide  of  Stratified  Rock   Occurred  as 
.    A  Result  of  a  Highway  Cut 

ridge  just  above  the  flood  plain  of  the  stream  in  the 
foreground  consists  wholly  of  landslide  detritus.  A 
few  minor  erosion  channels  have  developed  in  this 
mass.  Material  at  the  toe  of  this  slide  has  been 
carried  away  in  times  of  stream  flood,  exposing  steep 
sections  of  detritus  not  yet  covered  by  vegetation. 

A  panoramic  view  is  shown  in  Figure  15,  which 
strikingly  illustrates  the  progressive  development  of 
broad  concave  recessions  in  Pennsylvanian  formations 
as  a  result  of  consecutive  landslides  over  a  long  period 
of  time,  and  the  consequent  development  of  a  unique 
topography.  It  is  easy  to  visualize  the  original 
skyline  of  the  ridge  extending  clear  across  this  view. 
On  the  left-hand  side  the  ridge  has  been  completely 
broken  through  and  on  the  right  a  great  cirque  has 
developed  which  would  already  have  completely  pene- 
trated the  ridge  had  it  been  narrow  at  this  point. 

Water  erosion  has  of  course  aided  this  topographic 
development  and  has  necessarily  preceded  some  of 
the  later  lateral  landslides.  As  the  original  landslide 
was  followed  by  others  so  that  marked  recession  of 
form  into  the  ridge  was  developed,  a  drainage  area 
followed.  This  aided  subsequent  face-slides  and  was 
followed  by  a  series  of  lateral  slides.  This  sequence 
accompanied  by  the  removal  of  material  by  streams 
has  required  only  the  element  of  tune  for  so  extensive 
a  destruction  of  the  ridge. 
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Just  beyond  the  building  nearest  the  camera  there 
is  a  small  and  very  recent  slide.  A  little  higher  up, 
outlined  in  its  lower  half  circumference  by  a  road  on 
one  side  and  path  on  the  other,  may  be  seen  the  area 
of  a  considerable  and  somewhat  older  slide.  Trees 
are  growing  on  the  site  of  this  slide,  which  must  be 
fronf  18  to  25  years  old.  On  the  left  of  the  illustration 
a  comparatively  recent  and  extensive  slide  of  a  lateral 
nature  is  in  evidence  on  the  right-hand  slope  of  the 
hUl,  once  part  of  the  continuous  ridge. 

SLOPE  ADJUSTMENT  OF  SUPERFICIAL  MATERIAL  A  COMMON  TYPE 
OF  SLIDE 

Slides  of  material  as  a  matter  of  slope  adjustrnent  are 
found  over  a  wide  area  in  western  West  Virginia,  and, 
particularly  among  the  high  hills  of  both  States  along 
the  Ohio  River,  where  they  often  occur  in  considerable 
volume.  This  type  of  slide  is  confined  largely  to  the 
Pennsylvanian  formations  and  consists  of  a  steady 
dribble  of  rock  fragments  and  shale.  The  amount  of 
fall  is  greatly  increased  in  wet  seasons  and  during 
alternate  freezing  and  thawing  spells.  It  is  not  often 
that  the  quantity  of  material  at  any  one  spot  is  par- 
ticularly large  but  the  accumulation  on  a  stretch  of 
road  a  few  miles  long  is  often  several  thousand  tons. 
(Figs.  2  and  5.)  Most  of  the  material  is  small  and 
easily  handled,  but  the  writer  has  seen  a  bowlder  of 
massive  sandstone  weighing  many  tons  bound  down  a 
steep  slope  and,  striking  the  edge  of  a  concrete  pave- 
ment, dislocate  it  several  inches  and  split  it  down  the 
middle  for  200  feet  or  more.  No  extended  discussion  as 
to  the  underlying  causes  of  this  type  of  slide  is  needed 
as  it  is  obvious  that  they  are  the  same  forces  and  con- 
ditions which  cause  the  formation  of  detrital  masses. 
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Fig.  21.  Tvi'ical  Fill  Slides.  In  the  Lower  Picture 
A  Natural  Slide  is  to  be  Seen  in  the  Field  Below 
THE  Fill  Slide 


WATER  SEEPS   OUT   ALONG   TOP  OF  SHALE 
BENEATH  THE  ROAD  AND  CAUSES  FILL  SLIDE 


Fig.  19. — Road  Located  so  That  a  Slide  of  Fill  Ma- 
terial IS  Almost  Certain  to  Occur.  Water  Passes 
Through  Joints  in  the  Sandstone  and  Along  Top 
OF  Shale  and  Enters  Fill  Beneath  Pavement 


WEATHERING  SHALE 
UNDERMINES  SANOSTONE  - 


MAY  SLIDE  UPON  ROAD 


FILL  SLIDES  FROM 
UNDER  RDAO 


Fig.  20. — Conditions  Here  are  Much  the  Same  as  in 
Figure  19  Except  the  Road  is  Partly  Located  on 
Solid  Material 


^*- 


Fig.  22.-TiA  Fill  Slide  That  has  Undermined  a  Con- 
crete Road.  Often  Large  Sections  of  the  Road 
Break  Out  and  are  Carried  Away 

slope  adjustment  of  jointed  material  causes  few  slides 

Slides  which  are  the  result  of  comparatively  small- 
scale  adjustments  of  jointed  material  where  a  vertical 
face  results  from  an  artificial  cut  are  found  in  a  few 
localities  in  West  Virginia.  Those  observed  by  the 
writer  were  in  the  eastern  part  of  Mineral  County. 
The  most  interesting  one  occurred  where,  in  order  to 
avoid  crossing  and  recrossing  a  stream  which  had 
undercut  a  massive  shale  formation  until  it  stood  with 
a  vertical  face,  the  stream  course  had  been  deflected, 
a  fill  made,  and  a  highway  constructed  at  the  foot  of 
the  shale  clifi^.  The  shale  mass  here,  although  not  a 
plastic  variety,  broke  off  at  the  top,  probably  as  the 
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result  of  freezing  of  water  in  joint  fractures,  and 
dumped  several  thousand  cubic  yards  of  material  on  the 
road.  The  slope  adjustment  resulting  from  this  fall  is 
probably  sufficient  to  provide  stability  of  the  shale  mass 
above  the  road  for  the  immediate  future.     (Fig.  16.) 

SLIDES  OF  ROCK  STRATA   RARE   BUT  CAUSE  GREAT  DAMAGE 

The  fourth  class  of  slide  which  inight  be  described 
as  structural  slides  occurs  when  stream  erosion  or  an 


WATER  ESCAPES  ALONG  TOP  OF  SHALE 
ABO\/E  PAVEMENT,  FALLS  INTO  DITCH, 
TO    DRAIN    AWAY 


Fig.  23. — Road  Located  so  That  Ditch  Intercepts  all 
Seepage  Water  Unless  the  Shale  is  Permeable  Which 
IS  of  Rare  Occurrence.  Fill  Slides  Should  Not 
Occur  Under  These  Conditions 

artificial  cut  removes  support  from  dipping  strata,  or 
from  rock  with  dipping  cleavage  planes.  The  type  is 
rare  in  the  West  Virginia  and  Ohio  region.  The  best 
example  is  found  in  West  Virginia,  on  the  side  of  a  high 
ridge  which  overlooks  the  Potomac  River  about  1  mile 
south  of  Cumberland,  Md.  At  this  place  beds  of  mas- 
sive sandstone  lie  upon  limestone  strata,  as  illustrated 
in  Figure  17,  and  are  probably  separated  from  it  by  a 
thin  seam  of  sandy  clay.    These  formations  dip  toward 


f^  Fig.  24. — Upheaval  of  Old  Detritus  Caused  by  Weight 
OF  Fill.  New  Cracks  Can  be  Seen  at  Back  of 
Man.  The  Stability  of  the  Road  Under  Such 
Conditions  is  Extremely  Uncertain 

the  Potomac  River  at  an  angle  of  45°.  A  roadway  was 
excavated  from  solid  rock  along  the  side  of  this  ridge. 
Before  the  road  was  completed  a  large  rock  slide  oc- 
curred. Breaks  opened  at  two  points  not  far  apart. 
One  of  these,  several  feet  in  width,  extended  a  long  dis- 
tance diagonally  up  the  hillside,  but  very  little  of  the 
sandstone  slid  far  enough  to  do  much  damage.  The 
second  break  extended  for  a  distance  of  about  700  feet 
measured  along  the  road,  and  was  about  300  feet  above 


it  at  its  farthest  point.  It  resulted  in  the  precipitation 
of  an  enormous  mass  of  sandstone  upon  the  road  and 
across  it.    Figure  18  shows  two  views  of  this  slide. 

A  slide  occurred  in  Cumberland,  in  similar  forma- 
tions with  like  geological  structure.  This  slide  was  also 
due  to  a  highway  cut  and  about  5,000  cubic  yards  of 
rock  was  precipitated  upon  the  highway.  The  disas- 
trous Sand  Patch  tunnel  slide  on  the  Baltimore  &  Ohio 
Railroad  was  of  this  type. 

FILL  SLIDES   MOST  SERIOUS   PROBLEM 

Probably  more  than  50  per  cent  of  the  damage  to 
roads  and  the  most  serious  problems  in  connection  with 
them  in  these  States  are  caused  by  fill  slides,  that  is, 
the  subsidence  of  fill  material  from  under  part  or  all  of 
the  road  pavement.  Fills  made  of  detrital  material 
have  the  same  tendency  toward  movement  as  the 
natural  detrital  masses  and  it  is  possible  that  this  tend- 
ency is  increased  somewhat  by  being  loosened,  worked, 
and  placed  in  the  fill  with  a  lesser  degree  of  compaction. 

Through  fills  seldom  give  trouble,  but  under  excep- 
tional conditions  slips  occur  in  them  or  they  "go  out" 
altogether.  Sidehill  fills  go  out  sometimes  as  a  result 
of  under-pavement  seepage,  sometimes  as  a  result  of 
defective  culverts,  and  sometimes  because  of  saturation 
from  prolonged  rains.  Figures  19  and  20  diagrammati- 
cally  illustrate  ways  in  which  under-pavement  seepage 


Fig.  25.— Section  Through  Folded  Strata  of  Sandstone 
and  Shale  with  Sharpness  of  Folds  Exaggerated. 
Horizontal  Line  Shows  Position  of  Highway.  In 
Formations  of  This  Kind  Slides  Have  Occurred 
Where  Seepage  Along  the  Upper  Surface  of  the 
Shale  is  Not  Intercepted  by  the  Road  Ditch 

may  cause  fill  slides,  and  Figures  21  and  22  illustrate 
slides  due  to  this  condition.  In  these  cases  the  natural 
seepage  channels  along  the  upper  surfaces  of  the  shale 
beds  bring  about  a  sufficient  degree  of  fill  saturation  to 
cause  slides.  In  the  lower  illustration  of  Figure  21  the 
hill  in  the  background  is  low,  yet  it  supplied  sufficient 
underground  water  to  cause  this  fill  slide  and  many 
natural  slides  in  the  field  below.  Figure  23  shows  a 
condition  where  seepage  water  is  intercepted  by  the 
road  ditch  and  the  fill  rests  on  impervious  shale.  Fill 
slides  should  not  occur  under  these  conditions. 

Figure  24  illustrates  a  case  where  the  weight  of  the 
fill  has  started  a  movement  of  material  below  and 
which  will  soon  involve  a  movement  of  the  fill  itself. 

A  particularly  interesting  case  showing  the  relation 
between  rock  strata  and  slides  was  encountered  in 
Mason  County,  W.  Va.,  and  is  illustrated  in  Figure  25. 
The  strata  are  gently  folded  in  low  anticlines  and  shal- 
low synclines  and  a  road  has  been  located  in  s  dehill 
cut  in  such  manner  as  to  bring  the  impervious  shale 
and  the  jointed  sandstone  overlying  it  alternately 
above  and  below  the  pavement.  Theory  indicates  that 
in  this  case  seepage  water  will  alternately  flow  into  the 
highway  ditch  and  into  the  road  fill  depending  on  the 
position  of  the  undulating  surface  of  impervious  shale. 
Field  observations  demonstrated  this  theory  to  be 
correct.  A  series  of  fill  slides  was  found  wherever  the 
shale  surface  dipped  below  the  ditch  and  a  condition 
of  stability  existed  where  it  was  above. 

(Continued  on  page  35) 


STANDARD  SIZES  OF  CRUSHED  STONE' 

Reported  by  F.  H.  JACKSON,  Engineer  of  Tests,  Bureau  of  Public  Roads 


PRACTICALLY  eveiy  one  having  to  do  with  either 
the  production  or  the  use  of  crushed  stone  will 
concede  at  least  the  theoretical  advantages 
wliich  may  be  derived  from  the  standardization  of 
sizes.  The  wide  divergence  of  existing  standards 
of  construction,  however,  coupled  with  a  natural 
reluctance  on  the  part  of  engineers  to  change  their 
practice  simply  to  comply  with  a  national  standard, 
has  made  progress  in  this  field  very  slow.  The  un- 
systematic development  of  the  various  types  of  bitu- 
minous roads  has  resulted  in  a  demand  for  a  large  num- 
ber of  sizes  of  stone  for  a  comparatively  small  number 
of  distinct  types  of  construction,  the  variations  often 
being  of  academic  rather  than  practical  significance. 

LARGE  NUMBER  OF  SIZES  OF  CRUSHED  STONE  NOT  NEEDED 

We  may  classify  these  variations  in  requirements 
in  two  groups,  (1)  those  due  to  distinct  differences  in 
engineering  practice  for  a  given  type  of  construction, 
and  (2)  those  very  small  differences  in  requirements 
which  are  in  i-eality  meaningless,  but  which  frequently 
cause  considerable  trouble.  As  an  illustration  of  the 
first  class,  a  survey  of  27  current  State  specifications 
for  penetration  bituminous  macadam  reveals  that  there 
are  now  specified  as  many  as  10  different  sizes  of  stone 
for  use  in  the  penetration  course  alone,  vaiying  all  the 
way  from  a  1  to  2  inch  size  to  a  23/^  to  3  J^  inch  size. 
As  an  illustration  of  the  second  class,  the  requirements 
for  size  of  chips  for  bituminous  macadam  in  current 
specifications  show  an  inexcusable  number  of  slight 
variations  in  size,  such  as  j^  to  j^  inch,  }/i  to  }/2  inch, 
is  to  3^  inch,  and  other  sizes. 

Making  every  allowance  for  variations  in  size  neces- 
sitated by  difference  in  quality,  it  is  yet  obvious  that 
the  multiplicity  of  requirements  in  force  is  not  onl}^ 
unnecessary  and  confusing  but  also  works  a  hardship 
on  the  producer,  increases  the  cost  of  production,  and 
so  tends  idtimately  to  increase  prices.  On  the  other 
hand,  it  must  be  remembered  that  it  is  the  engineer 
in  charge  of  construction  and  not  the  producer  of  the 
material  who  is  respbnsible  for  the  quality  of  the  work 
and  he  can  not  be  expected  to  abandon  a  size  with 
which  he  has  perhaps  had  many  years'  satisfactory 
experience  imless  he  is  convinced  that  the  standard 
size  will  prove  just  as  satisfactory.  And  herein  lies  the 
greatest  difficiUty.  It  is  with  the  engineers  and  not 
the  producers.  Experience  with  producers  in  general 
shows  that  they  are  wiUing  to  supply  what  the  engi- 
neers want,  provided  the  latter  will  only  agree  as  to 
just  what  they  do  want. 

The  road  materials  committee  of  the  American 
Society  for  Testing  Materials,  through  its  sectional 
committee  on  standard  sizes  of  broken  stone,  broken 
slag,  and  gravel,  has  considered  this  problem  for  a 
number  of  years  and  has  prepared  tentative  specifica- 
tions for  conimercial  sizes  of  broken  stone.  These 
tentative  specifications  woi'c  prepared  after  an  exhaus- 
tive study  of  existing  specifications  with  a  view  to  the 
selection  of  the  minimum  number  of  primary  sizes  of 
crushed  stone  which  would  supply  the  engineers' 
needs  and  at  the  same  time  eliminate  the  many  small 
variations  in  reciuirements  which  had  no  justification 
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other  than  that  they  represented  the  ideas  of  individual 
engineers  or  groups  of  engineers.  This  was  no  easy 
task  because  it  involved  not  only  the  elimination  of 
many  sizes  for  which  the  committee  felt  standard 
sizes  could  be  substituted,  but  also  because  it  neces- 
sitated a  careful  study  of  the  various  factors,  which 
influence  the  efficiency  of  plant-screening  operations 
in  order  that  the  size  limits  and  tolerances  specified 
might  be  practical  from  the  standpoint  of  economical 
production.  The  problem  required  a  careful  balanc- 
ing of  these  practical  limitations  against  theoretical 
requirements. 

SURVEY  INDICATES  FACTORS   AFFECTING   SCREENING 

Before  proceeding  to  a  discussion  of  the  proposed 
standards,  it  may  be  of  interest  to  review  briefly  the 
results  secured  from  a  rather  extensive  survey  of  crushed 
stone  plants  made  by  the  Bureau  of  Public  Roads  several 
years  ago.  The  survey  included  over  100  representa- 
tive commercial  plants  situated  in  the  New  England, 
Middle  Atlantic,  and  Ohio  Valley  States.  The  infor- 
mation secured,  while  bearing  particularly  on  the 
screening  operation,  included  data  relative  to  crushers, 
their  number,  type  and  size,  speed  and  arrangement  of 
conveyers,  etc.  The  screen  data  included  the  number, 
type,  and  arrangement  of  screens;  the  nominal  as  well 
as  actual  size  of  perforations;  the  length,  diameter, 
pitch,  and  speed  of  revolving  screens,  with  the  number 
and  length  of  each  section;  arrangement  of  jackets,  etc. 
A  record  was  made  of  each  commercial  size  produced 
by  the  plant  with  the  screen  installation  as  indicated 
at  the  time  of  inspection.  This  record  included  the 
nominal  size  limits  for  each  product,  the  name  and 
number  under  which  it  was  sold,  and  the  specifications 
it  was  supposed  to  meet.  Finally,  a  representative 
sample  of  each  size  was  secured  from  a  stock  ready  for 
delivery  and  a  screen  analysis  was  made  with  laboratory 
screens  having  circular  openings. 

From  these  data  it  was  possible  to  determine  the 
efficiency  of  each  screening  operation  at  the  time  of 
inspection  in  so  far  as  it  was  affected  by  the  screens 
themselves.  Other  factors  which  affect  screening  effi- 
ciency, such  as  fluctuations  of  the  feeding  rate  and  mois- 
ture on  the  stone,  were  noted  and  their  effect  on  the 
particular  material  selected  for  sampling  determined 
as  nearly  as  possible.  It  may  be  of  interest  to  sum- 
marize briefly  the  conclusions  which  it  was  possible  to 
draw  from  this  survey,  and  they  may  be  stated  as 
follows : 

1.  The  length  of  a  revolving  screen  influences  the  grading  of 
the  screened  product  to  a  marked  degree. 

2.  Within  the  relatively  narrow  limits  usually  found  in  plant 
installations  pitch  and  speed  of  revolving  screens  apparently 
have  no  material  influence  on  grading,  probably  on  account  of 
other  predominating  factors,  such  as  fluctuation  in  the  rate  of 
feed  of  stone  to  the  screen,  which  it  is  impossible  to  control  in  a 
practical  way. 

3.  The  effect  of  oversize  holes  due  to  wear  of  the  screen  is 
practically  negligible  in  view  of  the  relatively  large  amount  of 
stone  held  on  a  revolving  screen  which  theoretically  should  have 
passed  through  it. 

4.  Small  amounts  of  oversize  stone  sometimes  found  in  prod- 
ucts screened  through  holes  of  certain  nominal  diameter  usually 
are  due  to  faulty  bin  or  chute  construction,  lack  of  repair,  or 
other  deficiencies  in  the  storing  or  handling  of  the  material. 
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5.  The  grading  of  the  screened  product  can  not  be  controlled 
with  any  degree  of  certainty  by  simply  specifying  the  size  of 
openings  in  the  revolving  screens  over  which  and  through  which 
it  shall  pass. 

6.  It  is  neither  practical  nor  necessary  to  specify  that  all 
material  retained  on  and  passing  revolving  screens  of  certain 
sizes  shall  lie  between  laboratory  screens  of  the  same  size. 

7.  Laboratory  screens  may  be  used  to  control  the  grading  of 
the  plant  product  if  a  reasonable  tolerance  is  allowed,  that  is, 
one  wide  enough  to  cover  the  recognized  inefficiency  of  the 
revolving  screen  and  yet  close  enough  to  insure  sufficiently  well- 
graded  materials. 

8.  Inspection  of  the  results  of  hundreds  of  screen  analyses 
indicates  that  as  much  as  5  per  cent  of  material  should  be 
allowed  larger  than  the  size  of  perforations  in  the  revolving 
screen  through  which  the  product  is  supposed  to  pass,  and  as 
much  as  15  per  cent  generally  should  be  allowed  smaller  than 
the  size  of  the  perforations  in  the  revolving  screen  upon  which 
it  is  supposed  to  be  retained. 

PLANT   LIMITATIONS   RECOGNIZED 

The  last  conclusion  applies,  of  course,  only  to  prod- 
ucts sized  with  revolving  screens  and  presupposes  an 
adequately  designed  plant  and  efficient  operation.  It 
applies  to  the  so-called  primary  sizes  only,  that  is,  those 
sizes  the  upper  and  lower  limits  of  which  are  close 
together,  as  ^  to  1^  inches.  With  combined  sizes, 
such  as  are  used  as  concrete  aggregate,  M  to  23^  inches 
for  example,  the  tolerance  on  the  lower  limit  may  and 
should  be  materially  reduced. 

With  regard  to  the  method  of  specifying  the  sizes 
desired,  there  are  still  many  engineers  who  believe  that 
it  is  necessary  to  tell  the  producer  just  what  plant 
screens  to  install  in  order  to  obtain  the  sizes  they 
desire.  The  operator  of  the  average  commercial  plant 
is  in  a  much  better  position  to  decide  on  the  particular 
screen  installation  he  needs  than  the  engineer,  who 
should  specify  only  the  size  or  sizes  desired  in  such  a 
manner  as  to  admit  of  but  one  interpretation;  that  is, 
by  reference  to  laboratory  screens.  It  then  becomes 
the  operator's  duty  to  study  his  installation  so  as  to 
produce  the  material  in  the  most  efficient  manner. 
Viewed  from  this  angle,  the  object  of  the  5  and  15  per 
cent  tolerances  just  mentioned  is  simply  to  recognize 
the  practical  limitations  beyond  which  it  is  impossible 
to  carry  efficient  operation  without  greatly  increasing 
the  cost. 

The  facts  which  were  brought  out  by  the  survey 
were  of  course  available  for  the  use  of  the  committee 
on  standard  sizes  of  the  American  Society  for  Testing 
Materials,  and  form  the  principal  basis  of  the  commit- 
tee's recommendations  as  regards  tolerances  in  their 
proposed  specification. 

FIVE  STANDARD   SIZES   OF   CRUSHED  STONE  PROPOSED 

The  committee  was,  at  the  outset,  confronted  with 
the  necessity  of  reducing  the  nmnber  of  primary  sizes 
to  a  minimum  consistent  with  sound  engineering  prac- 
tice. Moreover,  it  was  recognized  that  the  limits  of  the 
various  primary  sizes  should  not  overlap,  and  when 
taken  together  should  represent  the  entire  output  of  a 
plant.  It  was  also  felt  that  if  possible  the  number  of 
primary  separations  should  be  limited  to  five,  due  to 
the  greatly  increased  cost  of  producing  more  than 
five  primary  sizes  in  one  plant  at  one  time.  It  is  inter- 
esting to  note  in  this  connection  that  many  large  pro- 
ducers replying  to  a  recent  invitation  from  the  National 
Crushed  Stone  Association  to  criticize  the  proposed 
standard,  stated  that  from  the  standpoint  of  economic 
production,  the  number  of  primary  sizes  should  be 
limited  to  five. 

The  committee  also  considered  very  carefully  the 
question  of  nomenclature.    What  would  be  the  simplest 


and  most  easily  understood  method  of  designating 
sizes?  At  present  there  are  many  systems  in  use,  to 
the  utter  confusion  of  everyone.  We  have  No.  3  stone; 
we  have  1-inch  stone,  and  we  have  pea  stone,  to  mention 
three  methods  of  designating  sizes  and  these  designa- 
tions do  not  always  mean  the  same  thing  in  different 
localities.  No.  1  stone  in  one  State  may  be  described 
as  No.  3  stone  in  an  adjoining  State.  What  does  the 
purchaser  mean  when  he  asks  for  a  car  of  1-inch  stone? 
Does  he  mean  a  maximum  size  of  1  inch  or  an  average 
size  of  1  inch  and  if  so  what  are  his  upper  and  lower 
limiting  sizes? 

The  committee  after  carefully  considering  the 
various  systems  in  current  use  decided  that  the  sim- 
plest as  well  as  most  definite  method  of  designation 
would  be  to  specify  both  the  upper  and  lower  limiting 
sizes,  as,  for  instance,  M  to  ^  inch  size,  ^  to  13^  inch 
size,  etc.,  which  together  with  a  standardized  schedule 
of  tolerances  and  intermediate  requirements  would  give 
a  clear  understandable  designation,  provided  a  method 
could  be  agreed  upon  for  measuring  size.  There  has 
been  a  considerable  difference  of  opinion  on  this  point 
and  it  has  been  difficult  to  bring  about  agreement 
between  those  who  favor  the  square  mesh  on  account 
of  its  application  in  the  design  of  concrete  by  the  fine- 
ness modulus  method,  and  those  who  favor  the  round 
hole  because  it  has  been  used  for  many  years  for 
measming  the  size  of  crushed  stone  for  bituminous 
road  work,  and  in  general  is  considered  a  more  accurate 
measure  of  size  than  the  square  opening.  However, 
the  committee  on  road  materials  of  the  American 
Society  for  Testing  Materials,  which  contains  repre- 
sentatives of  both  sides,  last  year  went  on  record  as 
favoring  the  round  aperture,  and  with  this  precedent 
the  sectional  committee  on  standard  sizes  decided 
to  submit  its  tentative  schedule  of  sizes  with  this 
method  of  measuring  as  the  basis.  In  other  words, 
when  we  say  34  to  ^  inch  size,  we  mean  that  portion 
of  the  product  of  the  crusher  at  least  85  per  cent  of 
which  will  be  retained  upon  a  laboratory  screen  having 
circular  openings  34  inch  in  diameter  and  not  more  than 
5  per  cent  of  which  will  be  retained  upon  a  laboratory 
screen  with  circular  openings  ^  inch  in  diameter. 

On  the  basis  of  five  primary  sizes  as  the  maximum 
limit  and  after  careful  study  of  existing  specifications, 
the  committee  proposed  the  following  divisions  of  the 
crusher  run  from  0  to  3  3^  inches : 

0  to  34  inch. 
}i  to  %:  inch. 
%  to  1}4:  inches. 
IM  to  2H' inches. 
2}4  to  3}^  inches. 

These  separations  are  to  be  on  the  basis  of  labora- 
tory screens  with  round  openings.  Assuming  that,  in 
general,  stone  will  crush  in  such  a  way  that  the  per- 
centage of  the  total  crusher  run  passing  any  particular 
size  screen  will  be  in  proportion  to  the  size  of  the 
opening — that  is,  conforming  to  a  straight-line  grad- 
ing— then  the  relative  percentages  of  the  total  crusher 
run  obtained  in  each  of  the  five  primary  sizes  would  be 
about  as  follows : 

0  to  34  inch — 10  per  cent. 
}4  to  H  inch — 15  per  cent. 
%  to  IH  inches— 15  per  cent. 
134  to  23^  inches — 35  per  cent. 
2}4  to  334  inches — 25  per  cent. 

The  relative  percentages  of  the  various  sizes  will,  of 
course,  vary  in  individual  cases  with  the  kind  of  stone, 
type    of    crushers,   and   amount   of    recrushing.     For 
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general  conditions,  liowcver,  and  assuming  that  stone 
above  3^  inclios  is  rejected  and  recrushed,  the  above 
may  be  considered  an  indication  of  average  results. 
A  recent  report/-'  basted  on  elaborate  plant  tests, 
substantially  confiinis  the  above  figures. 

I'HOPOSED   SIZES    MEET    .4LL   ORDINARY    REQUIREMENTS 

The  above  system  of  sizes  was  considered  with  a 
view  to  ascertaining  to  what  extent  each  size  would  be 
availal)le  to  the  engineer  and  how  the  sizes  could  be 
combined,  remembering  that  for  each  primary  size  a 
tolerance  of  15  per  cent  is  allowed  on  the  lower  limit 
and  5  per  cent  on  the  upper  lunit.  The  problem  of 
establishing  standard  size  limits  so  as  to  care  for  the 
entire  output  of  all  plants  with  a  minimum  of  waste  at 
all  times  is,  of  course,  a  hopeless  one.  There  are  uncon- 
trollable fluctuations  in  demand  which  may  cause  a 
certain  size  to  be  in  great  demand  one  month  and  a 
drug  on  the  market  the  next.  There  may  be  a  differ- 
ence in  the  demand  for  stone  of  different  kinds.  The 
supply  of  limestone  in  certain  sizes  required  for  road 
work  or  as  concrete  aggregate  may  be  greatly  affected 
by  the  demand  for  flux  stone  or  agricultural  limestone, 
while  trap  rock  would  not  be  affected  by  the  latter 
demands.  It  is  obviously  impossible  to  carry  stand- 
ai'dization  to  the  point  where  a  uniform  standard  of 
plant  practice  is  possible.  Every  plant  and  every 
producing  district  has  its  own  peculiar  problems  and 
the  best  that  standardization  can  do  is  to  provide  a 
common  measure  for  the  use  of  the  engineer  in  making 
known  his  needs  to  the  producer  so  that  the  latter  will 
know  exactly  what  the  former  wants  and  the  former 
will  know  exactly  what  the  latter  has  to  oft'er. 

Considering  the  uses  to  which  the  several  suggested 
sizes  may  be  put,  let  us  take  first  the  3^  to  ^  inch  size. 
This  is  commercial  3^-inch  stone,  very  largely  used  in 
road  work  as  chips  in  bituminous  macadam  construc- 
tion by  the  penetration  method,  in  certain  grades  of 
bituminous  concrete,  as  a  surface  dressing,  and  in 
maintenance  work.  It  was  felt  that  a  tolerance  of 
15  per  cent  on  the  lower  limit  gave  a  reasonably  well 
sized  product,  and  was  liberal  enough  for  economic  pro- 
duction. The  next  size,  %  to  1}4  inch,  is  commercial 
1-inch  stone,  with  the  same  tolerance  of  15  per  cent. 
It  may  be  used  alone  as  the  intermediate  course  in 
bituminous  macadam,  or  in  combination  with  the 
34  to  %  inch  size  in  certain  grades  of  bituminous  con- 
crete or  as  an  aggregate  in  Portland  cement  concrete, 
where  the  maximum  size  must  not  exceed  Ij^  inches. 
A  combination  size  made  up  of  the  ^/i  to  %  inch  size 
and  the  %  to  13^  inch  size,  each  of  which  complies 
with  specifications  for  that  size,  may  reasonably  carry 
a  somewhat  lower  tolerance  than  15  per  cent — 10  per 
cent  at  most  and  possibly  5  per  cent  in  the  case  of 
concrete  aggregate  where  a  relatively  large  percentage 
of  the  %  to  \yi  inch  size  should  be  used  in  the  mixture. 

The  next  size,  1 3^  to  23^  inches,  is  proposed  for  use  in 
macadam  road  construction,  either  penetration  or 
waterbound.  Objection  has  been  raised  to  this  size 
for  penetration  macadam  on  the  ground  that  a  larger 
size,  say,  2  to  3  inches,  would  give  better  results  and 
that  the  maximum  size  stone  should  be  limited  only 
by  the  depth  of  the  course.  Reviewing  the  several 
State  highway  departn^ent  specifications,  we  find  a 
wide  divergence  of  practice.     Out  of  27  State  specifica- 

r.,'i,-^  PVno^o"'  the  Mechanical  Analysis  of  Crushed  Stone,  the  Crushed  Stone  Journal, 
July  1,  1926,  published  by  the  National  Crushed  Stone  Association,  Washington, 


tion  standards,  there  are  3  wuth  a  maximum  size  of 

2  inches,  12  with  a  maximum  of  23^2  inches,  7  with  a 
maximum  of  2%  inches,  5  with  a  maximum  of  3  inches, 
and  1  with  a  maximum  of  33^  inches,  the  latter  to  be 
used  only  in  courses  exceeding  3  inches  in  depth.  This 
indicates  the  difficulties  in  the  way  of  pleasing  every- 
body. It  may  be  suggested  that  a  compromise  could  be 
made  by  raising  the  upper  limit  to  3  inches  without 
realizing  that  to  do  so  would  throw  the  entire  specifica- 
tion out  of  balance  by  eluninating  the  23/^-inch  separa- 
tion which  is  insisted  upon  by  the  users  of  concrete 
aggregates.  At  the  present  time  the  committee  is 
inclined  to  adhere  to  the  present  limit  of  23^  inches  for 
bituminous  macadam  where   the   course   is  less   than 

3  inches  in  depth  and  to  suggest  the  23^  to  33^  inch 
size  where  the  course  is  greater  than  3  inches  in  depth. 


STANDARD   SIZES   SUITABLE   FOR    CONCRETE    AGGREGATE 

We  now  have  three  primary  sizes  which  together 
represent  the  run  of  the  crusher  from  3<C  inch  to  23^ 
inches.  When  properly  combined,  these  three  sizes 
may  be  used  to  produce  an  ideally  graded  aggregate  for 
concrete  for  pavements  where  the  maximum  size  is 
23^  inches.  Just  what  constitutes  an  ideal  grading  for 
coarse  aggregate  for  pavements  makes  an  interesting 
problem  for  discussion,  both  from  an  economic  and  an 
engineering  standpoint.  Recent  investigations  made 
by  the  Bureau'  of  Public  Roads  in  cooperation  with  the 
New  Jersey  State  Highway  Commission  indicate  that 
the  yield  of  concrete  from  given  volumes  of  the  con- 
stituent materials  is  greatly  influenced  by  the  grading 
of  the  coarse  aggregate.  As  an  illustration,  it  was 
found  that  in  the  case  of  a  1:1^:33^2  niix,  using 
crushed  trap  rock  as  coarse  aggregate,  a  stone  graded 
uniformly  from  23^2  inches  to  3^  inch  in  size  required 
6.18  bags  of  cement  per  cubic  yard  of  finished  concrete 
as  compared  to  6.72  bags  required  when  the  material 
under  1  inch  in  size  was  omitted — a  saving  in  cement  of 
about  one-half  bag  per  cubic  yard.  It  is  true  that  a 
considerably  greater  weight  of  stone  was  required  in 
the  case  of  the  well-graded  aggregate  than  in  the  case 
of  the  pooi'ly  graded  material,  so  that  from  a  strictly 
economic  point  of  view  the  gain  in  cement  would  be 
somewhat  offset  by  the  additional  stone  required.  The 
economic  aspects  of  concrete  proportioning  have  not 
received  the  attention  that  they  should. 

If  we  assume  for  the  moment  that  the  ideal  grading 
curve  for  stone  between  3^  inch  and  23^  inches  in  size 
is  approximately  ^a  straight  line,  which  according  to 
Taylor  and  Thompson  is  the  condition  of  maximum 
density,  it  would  be  necessary  to  mix  the  three  commer- 
cial sizes  in  approximately  the  following  proportions: 

134  to  '2]/2  inch  size — 60  per  cent. 
^  to  l^  inch  size — 25  per  cent. 
M  to  ^  inch  size — 15  per  cent. 

This  is  very  nearly  the  ratio  in  which  these  sizes  are 
produced  in  the  normal  crushing  process,  and  would 
therefore  be  the  most  economical  way  for  the  producer 
to  ship,  provided  he  did  not  have  a  heavy  demand  for 
34  to  %  inch  size,  which  is  often  the  case.  However, 
the  point  to  be  emphasized  here  is  that  in  concrete 
work  it  is  highly  important  to  have  a  uniform  grading 
of  coarse  aggregate  from  day  to  day  if  satisfactory 
results  are  to  be  obtained.  This  rule  holds  irrespective 
of  the  method  used  in  designing  the  mix.  As  a  matter 
of  fact,  it  is  even  more  important  viewed  in  the  light 
of  some  of  the  new  theories  of  concrete  design  which 
have  been  advanced,  due  principally  to  the  eft"ect  of 
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variations  in  gradation  on  the  workability  of  the  con- 
crete and  consequently  on  the  amount  of  water  which 
must  be  used  in  order  to  properly  place  the  mix. 
Variation  in  the  amount  of  water  used  in  the  mix  will 
affect  the  strength  of  the  concrete,  resulting  in  a  non- 
uniform product.  From  the  viewpoint  of  the  producer 
it  is  of  great  importance  to  maintain  uniformity  in  the 
gradation  of  aggregates  for  concrete  even  though  the 
specification  may  allow  a  considerable  variation  in 
some  of  the  intermediate  sizes.  Rigid  attention  to  such 
details  will  do  more  to  overcome  the  natural  disad- 
vantages of  crushed  rock  as  compared  to  certain  other 
aggregates  than  will  any  other  one  thing  and  will  at 
the  same  time  insure  better  concrete. 

The  remaining  size  in  the  crusher-run  product  is 
from  2 3/^  to  33^  inches,  and  would  be  available  for  use 
either  as  base  course  in  watcrbound  or  as  bituminous 
macadam  for  courses  over. 3  inches  in  depth.  In  times 
of  heavy  demand  for  the  smaller  sizes,  this  size  could, 
of  course,  be  recrushed  as  desired. 

PROBLEM   NOT   YET   ENTIRELY    SOLVED 

The  original  tentative  standard  specifications  of  the 
American  Society  for  Testing  Materials  have  been 
amended  once  by  the  insertion  of  a  0-3^-inch  size  to 
provide  stone  for  Topeka-type  pavement.  Many  addi- 
tional changes  have  been  suggested  both  voluntarily 
and  in  response  to  inquiries  sent  out  b}'  the  committee. 
Among  them  is  a  request  for  a  commercial  ^-inch 
stone,  from  Y^  inch  to  1  inch  in  size,  for  use  in  tar 
macadam.  The  sponsors  for  this  size  claim  that  the 
^  to  13^  inch  size  is  too  large  for  intermediate-size 
stone  in  bituminous  macadam.  Here  again  engineer- 
ing opinion  causes  difficulty  in  the  adoption  of  a  ra- 
tional standard,  because  it  can  readily  be  seen  that 
the  Yi  to  \  inch  size  has  no  place  in  the  system  as 
above  outlined. 

Strong  representation  has  also  been  made  by  certain 
eastern  groups  that  a  ^-inch  limiting  size  be  substi- 
tuted for  the  5<4-iiich  limit.  This  size  is  very  largely 
used  in  the  East  now  as  the  lower  limiting  nominal  size 
for  cement  concrete  aggregate,  and  there  seems  some 
merit  to  the  contention  that  with  the  3^-inch  lower 
limit  there  is  danger  of  obtaining  too  high  a  percentage 
of  small  stone  which  makes  a  very  harsh  concrete,  diffi- 
cult to  finish  properly.  The  above  illustrations  are 
given  simply  to  show  that  the  problem  has  by  no  means 
been  solved  and  will  require  a  great  deal  more  work  on 
the  part  of  intelligent,  sympathetic  representatives  of 
both  the  producing  and  the  consuming  interests  before 
it  is  solved. 

It  should  not,  however,  be  assumed  that  no  progress 
has  been  made  since  this  matter  first  came  up  for  dis- 
cussion. The  sizes  as  proposed  have  been  adopted  as 
tentative  by  the  American  Association  of  State  Highway 
Officials,  the  Federal  Specification  Board  and  the 
Asphalt  Association.  It  will  be  seen,  therefore,  that  the 
specifications  have  advanced  considerably  beyond  the 
initial  stage.  The  specifications  as  adopted  by  these 
agencies,  however,  with  the  exception  of  those  of  the 


Federal  board,  are  in  the  nature  of  typical  rather  than 
governing  specifications,  and  are  in  no"  sense  mandatory. 
In  conclusion,  there  seem  to  be  three  possible  courses 
which  may  be  followed  toward  the  ultimate  solution  of 
this  vexing  question.  We  may  work  for  the  standard- 
ization of  the  suggested  series  of  sizes;  or  failing  that, 
suggest  other  sizes  which  may  be  substituted  therefor; 
or  failing  that,  abandon  all  idea  of  adopting  a  national 
standard,  acknowledging  that  the  question  of  the  actual 
sizes  to  be  used  is  a  prol)lem  for  each  producing  district 
to  work  out  in  conjunction  with  the  consumers  it  serves. 
In  the  latter  event,  the  committee  of  the  American 
Society  for  Testing  Materials  would  confine  its  attention 
to  the  standardization  of  methods  of  designation,  stand- 
ard tolerances,  and  standard  methods  of  measm-ing  size. 


CORRECTION 

In  the  March  issue  of  Public  Roads  in  the  article 
"The  trend  of  highway  design"  a  radical  sign  was 
omitted  in  printing  the  formula  on  page  8  for  road 
widening  on  curves.  This  formula  should  have  been 
printed  as  follows: 

r>K 

W  =  2(R-VR^-L2)  +  -/t7 

*  -y'  Jtv 

In  which  W  =  Widening  in  feet. 

R  =  Radius  of  curve  in  feet. 
L  =  Wheel  base  of  vehicle  in  feet. 
(Twenty  feet  recommended.) 
In  the  January  issue,  in  the  discussion  of  earth  pres- 
sures on  culvert  pipes  by  Dean  Anson  Marston,  the 
following  legend   should    be   substituted   for   the   one 
printed  under  Figure  2c  on  page  227: 

Yielding  of  foundation  and  shortening  of  vertical  diameter  is 
such  that  the  settlement  of  the  fill  material  directly  over  the 
conduit  is  greater  than  in  the  fill  alongside  the  conduit  only  above 
a  level  somewhat  below  the^  top  of  embankment.  Below  that 
level  the  settlement  alongside  is  equal  to  or  greater  than  the 
settlement  directly  above  the  conduit. 


(Continued  from  page  31) 

The  various  types  of  landslides  which  have  been 
described  are  found  in  a  large  area  embracing  many 
hundreds  of  miles  of  highway.  Past  experience  has 
been  that  they  not  only  require  the  constant  expendi- 
ture of  large  sums  of  money  which  might  go  into  the 
improvement  of  other  roads,  but  what  will  be  of  ever- 
increasing  importance,  they  are  serious  obstacles  to  the 
flow  of  highway  traffic.  If  ordinary  road  construction 
and  slide  control  methods  are  followed,  a  continuation 
of  landshde  troubles  may  be  expected  indefinitely, 
especially  of  those  occurring  under  half-fill  roads.  As  a 
result  of  the  studies  which  have  been  made  it  is  believed 
that  much  can  be  done  to  improve  these  conditions. 
The  problem  is  of  sufficient  importance  to  deserve 
exhaustive  detailed  study,  even  though  it  results  only 
in  partially  correcting  or  alleviating  troubles  resulting 
from  landslides. 


MOTOR  VEHICLE  REGISTRATION  AND  REVENUE,  1 926 

Reported  by  L.  A.  ABBOT,  Associate  Statistical  Engineer,  United  States  Bureau  of  Public  Roads 


During  the  calendar  year  1926  there  were  over 
22,000,000  motor  vehicles  registered  in  the  United 
States  or  more  than  double  the  registration  of  1921  and 
four  times  that  of  1917.  The  year's  registration  repre- 
sents an  increase  of  10.3  per  cent  or  slightly  over 
2,000,000  more  than  that  of  1925.  Of  the  total  number 
of  vehicles  registered  19,237,171  were  passenger  auto- 
mobiles, taxis,  and  busses,  and  2,764,222  were  motor 
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bond  issues.  The  remainder  was  used  for  payment  of 
collection  costs  and  miscellaneous  purposes. 

Figure  1  shows  graphically  the  number  of  motor 
vehicles  registered  in  the  United  States  from  1910  to 
the  present  time.  In  1895  four  automobiles  were  pro- 
duced and  the  number  increased  steadily  to  1910  when 
approximately  460,000  motor  vehicles  were  registered. 
From  1910  the  curve  rises  rapidly  upward  to  1915  and 
then  even  more  rapidly  to  1923.  Smce  1923  the  curve 
has  declined  slightly  in  steepness  but  it  is  still  much 
steeper  than  at  any  period  prior  to  1923.  The  curve 
does  not  show  any  considerable  flattening  such  as  would 
indicate  the  near  approach  to  a  saturation  point  in  the 
United  States  as  a  whole. 

Curves  representing  the  registration  of  passenger 
vehicles  and  trucks  separately  are  also  shown.  The 
percentage  of  trucks  to  total  vehicles  in  1926  was  12.5 
per  cent  as  compared  with  9.4  per  cent  in  1921.  The 
greatest  increase  in  truck  registration  was  in  1924  when 
there  was  an  increase  of  580,459  or  37.3  per  cent  over 
1923.  The  1925  and  1926  increases  have  been  308,681 
and  322,513,  respectively,  which  indicates  continued 
growth  of  commodity  transportation  by  highway. 

Table  1  shows  the  increase  in  registration  each  year 
since  1921,  the  accumulated  increase  since  1921  and 
these  figures  expressed  as  a  percentage  of  the  1921 
registration.  The  last  column  shows  the  year  1923  to 
be  the  one  of  largest  increase  with  27.2  per  cent  and 
successively  smaller  percentages  in  each  of  the  years 
following.  Figure  2  shows  the  same  facts  graphically 
with  1920  as  a  base. 

Table  1. — Motor  vehicles  registered  each  year  since  1921,  accu- 
mulated increase  since  1921  and  annual  increase  compared  on  a 
percentage  basis  with  the  1921  registration 


51       o>      9}       o>       <i>      oi 


YEARS 

Fig.  1. — Motor  Vehicle  Registrations  1910-1926 

trucks  and  road  tractors.  Complete  details  of  motor 
vehicle  registration  and  taxation  as  collected  by  the 
bureau  are  given  in  Tables  9  and  10. 

Florida,  with  an  increase  of  40.2  per  cent,  excluding 
nonresident  registrations  as  in  other  States,  showed  a 
greater  gain  than  any  other  State.  Oklahoma,  with  a 
gain  of  17.8  per  cent,  and  second  only  to  Florida  in 
respect  to  the  percentage  of  increase,  was  followed 
closely  by  Alabama,  Idaho,  Louisiana,  Mississippi,  and 
Utah,  all  of  which  had  increases  over  15  per  cent. 

The  receipts  from  registration  fees,  licenses,  and  so 
forth,  amounted  to  $288,282,352  as  compared  with  $260,- 
619,621  in  1925.  Of  the  gross  receipts  $191,111,302 
was  available  for  highway  purposes  under  the  super- 
vision of  the  State  highway  departments,  $51,702,184 
was  allocated  to  counties  for  expenditure  on  local  roads, 
and  $25,274,178  was  used  for  payments  on  highway 
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Year 

Total 

motor 

vehicles 

registered 

Increase 

over 
previous 

year 

Accumu- 
lated 

increase 
over 
1921 

Accumu- 
lated 
increase 
as  a  per- 
centage of 
1921  regis- 
tration 

Annual 
increase 
as  a  per- 
centage of 
1921  regis- 
tration 

1921 

10, 463, 295 

Per  cent 

Per  cent 

1922 

12,  238,  375 
15, 090, 936 
17,  593,  677 
19, 937,  274 
22,  001, 393 

1,  775, 080 
2, 852, 561 
2, 502, 741 

2,  343,  597 
2,  064, 119 

1, 775,  080 
4,  627, 641 
7, 130, 382 
9, 473, 979 
11, 538, 098 

17.0 
44.2 
68.1 
90.3 
110.2 

17.0 
27.2 
23.9 
22.2 
19.9 

1923 

1924  _ 

1925 

1926 

■ * 

T,4.BLE  2. — Accumulated  increases  in  motor-vehicle  registrations 
since  1921  expressed  as  a  percentage  of  the  1921  registration  by 
geographic  divisions 


Geographic  division 

1922 

1923 

1924 

1925 

1926 

New  England ' 

Per  cent 
11.7 
22.5 
18.0 
11.2 
17.9 
16.9 
15.4 
8.8 
22.6 

Per  cent 
35.7 
51.0 
46.4 
28.1 
50.1 
53.9 
49.2 
30.6 
55.0 

Per  cent 
62.0 

77.3 
69.3 
41.0 
82.5 
85.7 
78.7 
48.2 
83.7 

Per  cent 
82.7 
99.2 
89.0 
57.2 
113.5 
124.  3 
114.5 
69.2 
102.0 

Per  cent 
95.7 
120.8 
107.7 
69.3 
145.0 
153.7 
139.4 
84.0 
123.2 

Middle  Atlantic 

East  North  Central.. 

West  North  Central.. 

South  Atlantic 

East  South  Central 

West  South  Central.. 

Mountain..  . 

Pacific 

United  States 

17.0 

44.2 

68.1 

90.3 

110.2 
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Fig.  2. — Annual  Increases  in  Motor  Vehicle  Regis- 
tr.^tions  and  registration  revenue  over  preceding 
Year 

Tables. — Annual  increases  in  motor-vehicle  registrations  expressed 
as  a  percentage  of  the  1921  registration  by  geographic  divisions 


Geographic  division 

1922 

1923 

1924 

1925 

1926 

New  England-- 

Per  cent 

11.7 
22.5 
18.0 
11.2 
17.9 
16.9 
15.4 
8.8 
22.6 

Per  cent 
24.0 
28.5 
28.4 
16.9 
32.2 
37.0 
33.8 
21.8 
32.4 

Per  cent 
26.3 
26.3 
22.9 
12.9 
32.4 
31.8 
29.5 
17.6 
28.7 

Per  cent 
20.7 
21.9  1 
19.7 
16.2 
31.0 
38.6  ! 
35.8  1 
21.0 
18.3 

Per  cent 
13.0 

Middle  Atlantic 

21.6 

East  North  Central 

18.7 

West  North  Central 

12.1 

South  Atlantic 

31.5 

East  South  Central 

29.4 

West  South  Central 

24.9 

Mountain^.- 

14.8 

Pacific 

21.2 

United  States  - 

17.0 

27.2 

23.9 

22.2 

19.9 

Table  4. — Comparison  of  per  capita  wealth  and  number  of  persons 
per  motor  vehicle  arranged  in  order  of  the  latter  by  geographic 
divisions  ' 


Geographic  division 

Property 
wealth 

per 

capita, 

1922 

Motor 

vehicles 

per  1,000  of 

population 

Per  cent 

increase 

in  motor 

veliicles 

from 

1921  to 

1926 

Persons 

per 
motor 
vehicle 

1921 

1926 

1921 

1926 

Pacific ■_ 

$3,934 
3,588 
3,063 
3,435 
1,857 
.3,186 
3,352 
2,005 
1,437 

170 
147 
118 
116 
80 
94 
78 
63 
44 

326 
241 
223 
187 
174 
170 
159 
141 
106 

123 
69 
108 
84 
139 
90 
121 
145 
154 

5.9 
6.8 
8.5 
8.6 
12.5 
10.7 
12  8 
15.8 
22.9 

3.1 

West  North  Central      .  .           .-  .. 

4.1 

East  North  Central       

4.5 

Mountain. 

5.4 

West  South  Central        

5.7 

New  England 

5.9 

Middle  Atlantic 

6.3 

South  Atlantic .-. 

7.1 

East  South  Central 

9.4 

United  States 

2,918 

97 

188 

110 

10.3 

5.3 

Table  5. — New  motor  vehicles  registered  ' 


Year 

New 

production 

of  motor 

vehicles 

Motor 
vehicles 
exported 

Production 

remaining 

in  United 

States 

Motor 
vehicles 
imported 

Net  new- 
motor 

vehicles 

to  be 
registered 

1921 

1, 724, 241 

2,  254, 088 

3,  673, 087 
3,  763,  649 

3,  768, 410 

4,  621,  774 

38, 430 
78,234 
151,  894 
178,  732 
302, 931 
305, 256 

1,685,811 
2, 175,  854 
3,  521, 193 
3,  584,  917 
3, 465, 479 
4, 316, 518 

522 
483 
853 
604 
678 
813 

1,686,333 
2, 176, 337 
3,  522,  046 
3,  585,  521 
3, 466, 157 
4, 317, 331 

1922.. _ 

1923 

1924 

1925 

1926 

'  Data  from  United  States  Department  of  Commerce.  New  production  figures 
are  for  years  ending  Sept.  30,  as  cars  manufactured  after  this  date  do  not  ordinarily 
appear  in  registration  figures  until  the  following  year.  Import  and  export  figures 
are  for  calendar  year. 


Table  6. — New  motor  vehicles  to  be  registered,  discarded  motor 
vehicles  replaced  and  relation  to  new  production  and  total 
registered 


Year 

Net  new 
motor 

vehicles 
to  be  reg- 
istered 

Increase  in 
motor 
vehicle 

registration 

Motor 
vehicles 
discarded 

Discarded      motor 
vehicles  as  a  per- 
centage of 

New  ve- 
hicles reg- 
istered 

Total 
regis- 
tered 

1921 

1, 686, 333 
2,176,337 
3. 522,  046 
3,  585, 521 
3, 466, 157 
4, 317, 331 

1,231,354 
1,775,080 
2,852,561 
2, 502,  741 
2, 343, 597 
2,064,119 

454, 979 

401,  257 

669, 485 

1, 082, 780 

1,122,560 

2,  253,  212 

Per  cent 
27.0 
18.4 
18.7 
30.1 
35.2 
52.2 

Per  cent 
4  3 

1922 

3  2 

1923 

1924. . 

4.4 

1925 

5  6 

1926 

10  2 

Total  or  average 

18, 753, 725 

12,  769, 452 

5, 984, 273 

31.9 

Table  7. — Motor  vehicle  revenue  1920-1926 


Gross  receipts 

Increase  over 
previous  year 

Reve- 
nue 
com- 
pared 
with 
that 
of  1920 

Year's 
increase 

Receipts  per 
motor  vehicle 

Year 

Amount 

Per 
cent 

Aver- 
age 

Per- 
centage 

of 
average 
amount 
in  1920 

1920 

$102,  546,  212 
122,  478,  654 
152,  047,  824 
188,  970,  992 
225,  630,  760 
260,  619.  621 
288,  282, 352 

Per  cent 
100 
120 
148 
184 
220 
254 
281 

Per  cent 

26" 

28 
30 
36 
34 
27 

$n.  10 
11.70 
12.32 
12.52 
12.82 
13.07 
13.10 

Per  cent 
100 

1921 

$19, 932, 442 
29,  569, 170 
36, 923, 168 
36,  659,  768 
34, 988, 861 
27,  662, 731 

19.4 
24.1 
24.3 
19.4 
15.5 
10.6 

105 

1922 

111 

1923 

1924 

113 
115 

1925 

118 

1926 

118 

Table    8. — Disposition    of   motor   vehicle   gross   receipts  for   the 
years  1925  and  1926 


_ 

1925  1 

1926 

Amount 

Per  cent 

Amount 

Per  cent 

state  highways                    .. 

$177, 666, 595 

46, 041, 624 

11,819,689 

7,304,325 

3,563,087 

14, 224, 301 

68.1 
17.7 
4.5 
2.8 
L4 
5.5 

$191,111,302 

51,  702, 184 

19,  861,  995 

5, 412, 163 

3,592,497 

16, 602, 211 

66.2 

17.9 

State  road  bonds                      

6.9 

1.9 

,        1.3 

'        5.8 

.Administration  and  collection 

Total                        --- 

260, 619, 621 

100.  0 

288, 282, 352 

100.0 

1  Bureau  of  the  Census  estimate  of  population  for  1921  and  1926  used  in  com- 
piling table. 


1  Slight  revision  has  been  made  in  the  1925  figures  as  first  published  on  account  of 
later  and  more  complete  information. 
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Table  9. — Motor  vehicle  registrations  for  the  year  1926 


Registered  motor  vehicles  indi- 
vidually and  commercially 
ovvihhI  ' 


Slate 


Total 

registered 

motor  cars 

I  and  trucks 


Passenger 
automo- 
biles, taxis, 
and  busses 


Motor 

trucks  and 

road 

tractors 


Alabama ..- 

Arizona -- 

Arkansiis --- 

California 

Colorado 

Connecticut 

Delaware 

Florida. -- -- 

Georgia.. - - 

Idaho 

Illinois 

Indiana -- 

Iowa 

Kansas -- 

Kentucky 

Louisiana 

Maine 

Maryland j 

Massachusetts. 

Michigan -- 

Minnesota j 

Mississippi 1 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 

New  Mexico 

New  York-- 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma.- 

Oregon- 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee  - -  -  - 

Texas 

Utah 

Vermont 

Virginia - 

Washington - 

W'est  Virginia 

Wisconsin 

Wyoming 

District  of  Columbia 

Totals------ 


225, 930 
73, 682 
209,419 

l.fiOO,47!; 
248,  ('.13 
2r>3,  23.5 
44,  834 
401,  5f)2 
277,  4(i8 
94,  760 

1,  370,  .503 
772,  326 
698, 998 
491,  276 
281,  557 
239,  500 
151,  486 
252,  852 
690,  190 

1,118,785 

630,  285 

205,  200 

654,  554 

103,  958 

366, 773 

24,  014 

89,001 

651,415 

54,996 

1,815,434 

16  385, 047 
157,  822 

1, 480, 246 
499,  938 
233,  568 

1,455,184 
110,746 
181, 189 
168, 230 
279,  639 

1, 049, 869 
85,  380 
74, 063 
322,  614 
363,  279 
227, 836 
662, 282 
49,  883 
111,497  i 


197, 983 

63,  294 

179,  480 

1.  384,  152 

227,  708 

222,  283 

36,  246 

'331,892 

241,949 

86,  339 

1,195,897 

665, 126 

648, 218 

441.373 

252,  632 

204, 000 

124, 158 

240,  743 

593.  234 

969,  686 

559,  128 

184,  133 

587,  856 

88,  840 

337,  989 

19.  300 

78. 400 

531,702 

53, 173 

1,  508,  314 

352,  217 

145,  571 

1,29.5,020 

449,  955 

214,  946 

1,264,453 

91,798 

163,  551 

153, 840 

254.  342 

944,905 

72,  880 

68,  524 

273,  764 

310,  .386 

201,645 

.581,994 

44,358 

97,  794 


22,001.393  1  19,237,171 


27,  947 
10,  388 
29,  939 

'  216,  323 

20,  905 
40,  952 
3  8,  588 

»  69,  670 

35,  519 

8,421 

174,  606 

107,  200 

50,  780 

3  19,  903 

28,  925 
35,  500 
27,  328 
12, 109 
96,  956 

3  149,  099 
71, 157 

21,  067 
66,  698 
15,118 

'5  28.  784 

4,714 

10,  601 

119,713 

1,823 

307, 120 

32, 830 

12,  251 

185, 226 

'»  49,  983 

18,  622 

190,731 

18, 948 

17,638 

14, 390 

25,  297 

104,964 

12,  500 
5,539 

48,  850 
.52,  893 
26, 191 
80,  288 
5,525 

13,  703 


Other  registered 
vehicles 


Trail- 
ers' 


983 


1,584 

'  30, 818 

■86 

326 

199 

'»  1,000 


180 
3,258 
5,697 

153 
1,221 

(13) 


Motor 
cycles 


871 

634 

464 

13,628 

2,666 
757 

1,489 


60 
535 

1,602 
143 

6,175 
500 


,150 


812 

3,  313 

45 

1,006 


(13) 

6,920 
430 
133 
437 

1,826 
329 

(13) 


401 
337 

279 

10,  363 

1,480 

3,108 

342 

1.390 

841 

483 

6, 156 

3,738 

1,934 

1,330 

672 

500 

1,124 

4,039 

9,215 

3,438 

2,551 

92 

2,005 

192 

1,268 

82 

1,444 

7,  235 

200 

18,  303 

870 

305 

"  12, 1.30 

719 

2,123 

13, 672 

1,303 

270 

249 

751 

2,679 

576 

606 

2,125 

2,740 

1,273 

3,107 

179 

1,327 


2,764,222       99,430      131,546    '«  33, 179      102,762       3,133 


Tax-exempt   official   ve- 
hicles and  motor  cycles 


United 

States 

cars 


167 

176 

39 

1,217 

283 

71 

44 

75 

934 

103 

979 

3,184 

44 

192 

90 

209 

64 

1.969 

556 

371 

252 

74 

311 

229 

226 

42 

22 

708 

156 

1,666 

429 

3 

2,362 

530 

141 

1,383 

56 

91 

86 

132 

2,505 

173 

28 

1,141 

637 

33 

92 

209 

837. 


State 
and 

local 
cars 


675 

629 

5  20, 248 

(*) 

2,326 


2,926 


1,125 

(") 

3,593 

2,700 

2,150 

1,444 


1,050 


900 
»  5, 875 

306 
(") 
1,350 
1,026 


379 

300 
5,251 

527 

■<  10.847 

4,110 

122 
7,418 


1,754 
3,047 

577 
5,048 

768 
n  2, 066 


'<  705 


"  2,  ,551 

4,260 

2,007 

484 

212 

2,006 


Number  of  licenses  or  permits 
(autos) 


fy^    D-'--^ 


180 


26 

(12) 


CO 

"m" 

5 

11 


447 

232 

527 

3,194 

3,400 

5,231 

630 

3,295 

864 

402 

4  703 

2,489 

2,291 

2,534 

1,162 


578 


92 

937 

50 


1,210 
6,027 
2,134 
2,133 
2,193 
5.468 
2,293 

447 
2,834 

110 

484 
2,460 

145 
4,414 
8,157 


3,777 


471 
153 


76 

"m 


604 
28, 167 

278 

519 
1,051 

699 
3,635 


700 
3,915 
4.914 
12,011 
2,785 

293 
1,906 


Operators 


86, 221 


112, 170 
21,967 

292, 263 
45,067 


Chauffeurs 


173, 917 

37, 938 

763,  961 

224,  697 


5,242 


66,600 
745,  659 


1,568,540 


44,  677 

1,6.37,188 

126, 630 

152 


66,154 


427,  507 

60,  355 

681,800 


70, 146 


1,813 

192 

5,131 

C) 

7,762 


4,088 
10, 854 

3,197 

414 

93, 368 

39, 828 

11,047 


Total 

registered 

motor  cars 

and  trucks, 

1925 


Year's  increase  in 
motor  vehicle 
registrations 


Number 


9,299 


6,327 
39, 816 


81, 382 


24,933 
384 


32,  550 


554,  769 


4,703 
'15,128' 


10,  978 


13,432 
8,700 


27, 000 


137,064       7,258,831        1.007,295    "19,937,274 


194,  680 

68,029 
183,  589 
1,  440,  541 
240,  097 
250,  669 

40, 140 
286,  388 
248,  093 

81,  506 
1,  263, 177 
725,410 
659,  202 
457,  033 
261,  647 
207,000 
140,  499 
234,  247 
646, 153 
989,  010 
569,  694 
177,  262 
604,  166 

94,  656 
338,719 

21, 169 

81,498 
580,  554 

49,111 
1,  625,  583 
340,  287 
144,  972 
1,346,400 
424,  345 

216,  553 
1,330,433 

101.756 
168, 496 
168,  028 
244,  626 
975, 083 
"73,427 
69,  576 
282,  650 
328. 442 

217,  589 
594, 386 

47,  711 
103,  092 


31,  350 
5,653 

25,  830 

159,  934 

8,  516 

12,  566 
4,694 

115, 174 
29,  375 

13,  264 
107,  326 

46,916 
39,  796 
34,243 
19,910 

32,  500 
10, 987 
18,  605 
44,  037 

129,  775 
60,  591 

27,  938 
50,  388 

9,302 

28,  054 
2,845 
7,503 

70,  861 

6,  885 

189,851 

44, 760 

12,850 

133,846 

75,  693 

17.015 

124,751 

8,990 

12,  693 

202 

35, 013 

74,  786 

11.953 

4,487 

39,964 

34, 837 

10, 247 

67, 896 

2,172 

8,405 


2,064,119 


Per 
cent 


16.1 
8.3 
14.1 
11.1 
3.6 
6.0 
11.7 
40.2 
12.3 
16.3 
8.5 
6.5 
6.0 
7.6 
7.6 
15.7 
7.8 
7.9 
6.8 
13.1 
10.6 
16.3 
8.3 
9.,  8 
8.3 
13.4 
9.2 
12.2 
12.0 
11.7 
13.1 
8.9 
9.9 
17.8 
7.9 
9.4 
8.8 
7.5 
0.1 
14.3 
7.7 
16.3 
6.4 
14.1 
10.6 
4.7 
11.4 
4.6 
8.2 

10.3 


>  The  first  three  columns  record  the  regularly  registered  motor  cars  and  trucks  which 
pay  the  regular  license  fees  eliminating  rcregistrations  and  nonresident  owners'  ears. 
The  grand  total  of  the  first  column  is  subdivided  as  indicated,  passenger  cars  being 
shown  in  second  column  and  freight  service  trucks  and  road  tractors  in  the  third 
column.  Some  States,  as  noted,  classify  busses  with  trucks.  Special  tables  showing 
the  extent  and  kinds  of  bus  service  from  non-Government  sources  can  be  found  in 
the  February,  1927,  issue  of  "Bus  Transportation." 

2  Some  States  include  trailers  with  motor  trucks,  as  noted. 

3  Busses  included  with  trucks. 

*  Excludes  2,232  tax-exempt  trailers,  of  which  1,490  are  owned  by  public-service  cor- 
porations. 
'  Includes  8,278  cars  and  trucks  of  public-service  corporations  exempt  by  law. 
« Included  with  operators. 
'  Includes  road  tractors. 
'  Included  with  registered  cars,  as  all  pay  regular  license. 


'  Nonresident  registrations  estimated  and  excluded  from  figures  reported. 

'»  Estimated  and  excluded  from  motor  trucks  as  reported. 

"  Included  with  private  cars  at  a  special  low  fee. 

"  Included  with  private  motor  cycles. 

■3  Not  registered. 

'»  .As  reported  on  July  1,  1926. 

IS  Includes  only  trucks  and  busses  over  3,000  pounds  in  weight;  others  classed  as 
passenger  cars. 

"  Figures  estimated  for  last  six  months  of  calendar  year,  as  registration  begins  on 
July  1. 

"  Estimated  as  trailers  and  motor  cycles  reported  together. 

"  E.xcludes  16,274  agricultural  tractors  reported. 

'»  Corrected  figures  as  previously  published  total  included  rcregistrations  in  Utah. 

2»  As  reported  by  Bureau  of  Budget,  and  includes  7,859  cars-at-large,  not  allocated 
to  any  State. 


Tables  2  and  3,  respectively,  show  the  accumulated 
increases  in  registration  since  1921  and  the  annual 
inci'eases  expressed  as  a  percentage  of  the  1921  regis- 
tration for  the  various  geographic  divisions.^  The 
East  South  Central  group  shows  the  greatest  total 
increase,  the  West  North  Central  group  the  least. 
During  the  year  1926  the  greatest  increases  in  pro- 
portion to   the   1921   registration   were   in   the   South 

1  The  Slates  included  in  the  several  geographic  divisions  are: 

New  England— Maine,  New  Hampshire,  Vermont,  Massachusetts,  Rhode  Island, 
Connecticut. 

Middle  Atlantic— New  York,  New  Jersey,  Pennsylvania. 

East  North  Central — Ohio,  Indiana,  Illinois,  Michigan,  Wisconsin. 

West  North  Central— Minnesota,  Iowa,  Missouri,  North  Dakota,  South  Dakota, 
Nebraska,  Kansas. 

South  Atlantic— Delaware,  Maryland,  Virginia,  West  Virginia,  North  Carolina, 
South  Carolina,  Georgia,  Florida,  District  of  Columbia. 

East  Soulh  Central— Kentucky,  Tennessee,  Alabama,  Mississippi. 

West  .South  Central— Arkansas,  Louisiana,  Oklahoma,  Texas. 

Mountain- Montana,  Idaho,  Wyoming,  Colorado,  New  Mexico,  .\rizona,  Utah, 
Nevada. 

Pacific— Washington,  Oregon,  California. 


Atlantic  and  East  South  Central  groups  and  the  least 
in  the  W«^st  North  Central,  New  England,  and  Moun- 
tain groups. 

Table  4  shows  the  per  capita  wealth  in  the  various 
geographic  groups  in  1922,  and  the  number  of  motor' 
vehicles  per  1,000  of  population,  and  numbers  of  per- 
sons per  motor  vehicle  in  1921  and  1926.  The  groups 
are  arranged  in  the  order  of  the  number  of  motor 
vehicles  per  1,000  of  population  in  1926  and  there  is  a 
very  evident  but  not  exact  relation  to  the  per  capita 
wealth.  The  table  shows  the  groups  to  be  in  the  same 
relative  order  with  regard  to  number  of  persons  per 
motor  vehicle  that  they  were  in  1921,  except  that  the 
West  South  Central  group  has  passed  the  New  England 
group.  The  Pacific  group  is  conspicuous  as  having  the 
highest  number  of  motor  vehicles  per  1,000  of  popula- 
tion and  the  greatest  per  capita  wealth. 


April,  1927 


PUBLIC    ROADS 


39 


Table   10. — Receipts  from  motor  vehicle  registration  fees,  etc.,  for  the  year  1926 


State 


Alabama 

Arizona 

Arkansas --- 

California 

Colorado 

Connecticut.. 

Delaware  — 

Florida -. 

Georgia 

Idaho. 

Illinois 

Indiana. 

Iowa  * -  - 

Kansas  '. 

Kentucky 

Louisiana 

Maine ' 

Maryland.. 

M  assachusetts 

Michigan 

M  innesota 

M  ississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 

New  Mexico — 

New  York 

North  Carolina* 

North  Dakota 

Ohio 

Oklahoma* — 

Oregon 

Pennsylvania ..- 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee* 

Texas* 

Utah'.- 

Vermont 

Virginia.- 

Washington 

West  Virginia.. 

Wisconsin 

Wyoming 

District  of  Columbia. 


Total 

gross 

receipts 


Subdiv  ision  of  registration  receipts  ' 


Motor  car  receipts 


Total 
from 

motor 
cars 


Detailed  totals'. 
Grand  total 


$2,  889,  252 

467,  795 

3,  056,  368 

8,  477,  233 
1,  507,  379 
6,  220,  668i 

775,  577 

6,  764.  4681 

3,  381,  725, 

1,  .385,  9301 
14,047,208 

5,093,176 
10,  208,  416 

4,  803, 130 
4, 131, 745 
3, 993, 466 

2,  355,  365 

2,  928,  268 
13, 077,  857 
16,  953,  685 

9,  976,  560 
1,973,412 

7,  903,  025 
1,029,383 
3, 636, 097 

209, 920, 
1,710,9051 

11,870,5291 
513,743i 

28,786,421! 
'«  9, 400,000,. 
1,578, 081 1 
9,  818, 873, 
5,515,045!. 
6,  017,  759, 

24,  045, 349. 
1,  962,  898! 
1,  951,  559 
2,429,180 
3,591,  296L 

14,362,883'. 

634,048!. 

1, 696,  582| 

4,  624, 475 

6, 056, 003' 

3,  728, 935 
9, 074, 490! 

499,  8781 
566,  312! 


4, 007, 551 
3, 836,  324 

1,  804,  455 

2,  270,  658 
10,  586,  44fi 
15,  468,  556 

9,  855,  48 
1,  966,  379 


Passenger 

cars  and 

busses 


.i;4,  528, 157 

1,228,841 

3.  675,  495 

425,  207 


$2,  673, 157 

226,611 

1,  075,  893 

167,  757 


2,  769,  453 
1,127,940 
9.996,135 
3,683,211 


3, 142,  977 


1.425,202 
1,  993,  281 
7.134,754 
11.647,731 
8,  076,  504 
1,787,310 


895,  605 
3, 463, 691 

209,  320 
1,343,381 
8, 503, 103 

490, 355 
25,  737,  573 


751,875 
2,956,116 


1,545,586 
1,  480,  246 


5,  814,  502 
18, 338, 633 
1,  563, 067 
1,869,961 
2, 401, 800 


1, 447,  679 
4, 251, 509 
5.  472,  663 
3,  286, 598 
8,  683, 997 
489,371 
120, 728 


231,  864,  509j   197,  336,  270 


288,282,352,. 


5, 135,  531 

487, 133 

18,064,298 


1,  354,  473 


4,  997,  783 
12, 746, 483 
1, 154,  236 
1,  588,  972 
2, 106.  000 


Trucks 

and 
tractors 


$245,  420 
1,209 
7,620 
3,167 


553, 843 

216,  051 

3,  112,  .507 

1,  061, 107 


864,  574 


379,  253 

277,  37 

3,  451,  692 

3,  820,  825 

1,  778,  983 

179,  069 


143,  730 
507,  575 


3, 367,  572 

3,222 

7,  673,  275 


191,113 


1,  249,  047 

3,  612,  282 

4,  266,  572 

2,  771,  375 
7,  207,  564 

393,  899 
98,  986 


(It) 


816,719 
5,  592,  150 
408,831 
280.  989 
295.  800 


Other  vehicles 


Trail- 
ers 


Motor 
cycles 


$596 


4,190 
57,  936 
27,  233 


2,869 

1.5,057 

20,  Oil 

169,  568 

13,026 

6,435 


37, 167 
2,588 

13,  485 
1,324 
5,302 
3, 
2,415 

20.800 
6,899 


5,103 


6,540 
13,  963 
41,  675 
13,  274 
10,010 


Miscellaneous  receipts 


Dealers' 

license 


Chauf- 
feur and 
operator 
permits 


$3,304 

4,543! 

5, 798 

4.5, 120 

26,  738 

70,  465 

7, 105 

33.  351 

41,  970 

23,  895 

91,072 

48, 100 


32,  630 


44,  220 
29,  209 
109,  666 
94,  462 
39,  338 


55,  024  i 

2, 175j 
59,  815' 


1,178 
4,103 
410 
8,648 
14,  470 
600! 
77,418, 


33,  8k5 
40,  299 


$9,  243 

4,294 

2.3,911 

285,  549 

21, 108 

884,  894 

147,  4B5 

16,  281 

6,140 

828 

370,  314 

37.  395 


17,761 


377,  854 

195,  324 

1,  527,  902 

265,  733 

20. 736 


626 


26,  324 

34,  801 

754 

16, 358 


198, 632 

639,  227 

1,  205,  091 

515,  223 

1,476,433 

95,  472 

21,  742 


4,  095 

39,  758 

2,381 


(") 


26,  800 

66,310 

7,250 

159,  652 


240, 095 
2,  224,  703 


1,  528  . 


12,513 
37, 444 

4,548 
824 

1,104 


28,  913 
328, 748 
13,  720 
24,  085 
26,  276 


2,  367, 438 


70,  968 

1,406,800 

253,  260 

152 


4,  234: 

7,  422! 
14.828! 

5,001 

18.864! 

858, 

1.3271 


Miscel- 
laneous 


$3, 

35, 

15, 

G62, 

492, 
23, 

e, 

6, 

10, 

398, 

229, 


68, 
157, 
119, 
404, 
792, 
942, 

37, 


128, 

91, 

1,006 

13 

384, 


Disposition  of  gross  receipts 


Collec- 
tion and 
adminis- 
tration 


3 $111, 262 
IS,  .500 
73, 433 

<  1,563,  533 
75,  369 


122,  111 
119,  703 


270.  307 

357,  294 

247,  584 

174.358 

93,  .508 

»  300, 809 

292,  82' 

1,  028,  834 

1,207,825 


30, 
8,  338, 


127, 
40, 


59,  202 
1,  391,  041 
39,  788 
96,  575 
13,433 
95,  555 
240,  068 
■  38.020 
2, 166, 001 
...!  150,000 
967!  280,000 
627!  (") 
...|  40,000 
539!  200, 000 
923,133,055,904 
549i  175, 400 
1791  176,560 
48,584 
...        214,000 


For  rural  highway  purposes 


State 
highways 


29, 497 
56,  914 
87,  619 
52.  396 
91,519 
9, 102 
1,  906 


81.5,216    402.949!  1,835.817  11.944.62219.529.635 


189,312 
38,  073 
431,816 
134,075 
170,450! 


204. 1221 


25,8601  8.5,955 

266,462!  272,431 

9,  319  "  649,  887 

248,484  15  278,638 

109.  660  549, 752 

547 
238,  229 


1, 062,  487 
676 
350 
070 
149 
470 
000 
041 
437 
018 
319 
045 


615, 
456, 
317, 
581, 
250.1 


166, 
363, 


"  228, 160  . 


16,602.2111  191,111,302 


Local 
roads 


State 

and 
county 

road 
bonds  ' 


$560.  258  $1,  666,  835 

I... 

1,802,163 


For 

other 

purposes 


$1.37 


604,  367 

3, 192,  285 

716, 005 


1,  684,  951 
i,242,'752 


,718 
,287 


5,  510, 843 


54,4251. 
653,  663  . 


6,  000,  000 


1,  914,  210 


989, 

2,  477, 

131, 


4, 174, 

158, 

4,311, 


649, 
4,  909, 
3, 309, 
1,454, 


2,819 
1,166,006 
1,688,648 
3,  876, 007 


3,610,  000 


3,  651,  935 


■  527, 088 


9  2,727,120 


-i        (") 


5, 001, 400 


576, 803 


857,  692 
3,3  io,  666 


2,  246,  213 


499. 878 


51,702,184  25,274,158    3,592,497 


IS  338. 152 


1  The  States  starred  do  not  show  complete  receipt  details  and  are  not  included  in 
totals  under  first  nine  receipt  columns,  shown  as  detailed  total. 

•  County  bond  payments  marked  (a). 
3  Includes  $71,828  to  probate  .iudges. 

'  Traffic  officers'  expenses  included. 

■'  Special  highway  fund  taken  from  certain  county  registration  revenues  for  special 
roads  included. 

*  State  police  expense  included. 
■  For  Baltimore  streets. 

9  For  expenses  of  branch  offices  and  motor-vehicle  theft  department. 

9  New  York  City  general  fund. 

1°  Conservative  estimate,  as  data  was  not  received. 

Tables  5  and  6  show  the  total  number  of  motor 
vehicles  manufactured,  the  number  of  those  registered, 
the  number  discarded,  and  the  percentage  of  the  new 
vehicles  registered  which  constitute  replacements  for  the 
years  1921  to  1926.  The  motor  vehicle  production 
figures  have  been  taken  for  the  year  ending  September 
30,  as  cars  manufactured  after  this  date  do  not  ordi- 
•  narily  appear  in  the  registration  figures  until  the  follow- 
ing year.  In  1921  only  27  per  cent  of  the  new  vehicles 
sold  constituted  replacements,  but  in  1926  the  figure 
mounted  to  52.2  per  cent. 

The  annual  gross  receipts  from  motor-vehicle  taxa- 
tion are  given  in  Table  7.  The  increase  in  the  revenue 
from  1920  to  1926  has  been  at  a  somewhat  greater  rate 
than  the  registrations,  as  the  average  receipts  per 
vehicle  have  risen  from  $11.10  to  $13.10  during  the 
period.  The  tendency  toward  increasing  motor-vehicle 
fees  is  much  more  evident  from  1920  to  1924  than  in 
1925  and  1926.  The  increase  in  the  average  amount 
per  vehicle  is  not  due  entirely  to  increased  license  fee 
charges,   but  is    due  in    part   to   a  relatively  greater 


"  state  appropriation  of  $326,265  omitted. 

12  A  portion  of  local  road  share  given  to  municipal  corporations  for  street  repair. 
Amount  not  stated. 

"  State  highway  patrol  expenses  of  $491,770  included 

n  Highwav  safety  fund  of  $431,816  included. 

15  Includes"  $45,801  refunds. 

15  Includes  $317,011  for  administration  expenses  of  State  Roads  Commission. 

1'  Includes  $191,490  for  traffic  signals. 

1'  For  repair  and  construction  of  Washington  streets. 

19  Only  33  States  report  details  of  motor-car  registration  receipts  which  total  as 
follows:  Passenger  cars  and  busses,  $133,584,823;  trucks  and  tractors,  $43,272,495 
making  a  combined  total  of  $176,857,318. 

increase  in  the  number  of  trucks  and  busses  which  pay 
a  high  license  fee. 

The  disposition  of  the  gross  motor  vehicle  tax  re- 
ceipts for  the  years  1925  and  1926  is  given  in  Table  8. 
In  both  years  close  to  two-thirds  of  the  collections  were 
allocated  to  State  highway  department  funds,  and  if 
payments  for  interest  and  in  sinking  funds  for  State 
road  bonds  are  added  the  amount  is  increased  to  nearly 
three-fourths.  In  1926  these  combined  items  amounted 
to  $211,000,000.  The  county  and  other  local  units 
received  for  roads  in  1926,  including  funds  for  payments 
on  bonds,  $57,  000,  000,  or  19.8  per  cent.  Collection 
and  administration  costs  amounted  to  5.8  per  cent  in 
1926  but  there  were  nine  States  which  paid  these 
expenses  out  of  other  funds.  Only  1.3  per  cent  of  the 
collections  were  used  for  miscellaneous  purposes.  A 
portion  of  the  amounts  included  under  this  item  were 
allotted  to  general  funds  of  counties  including  in  their 
area  large  cities  and  portions  of  such  funds  were  used  for 
street  work.  It  is  evident  that  the  motor  vehicle  license 
tax  is  now  used  almost  entirely  for  road  purposes. 


GASOLINE  TAXES  FOR  THE  YEAR  1926 


state 


Alabama 

Arizona -- 

Arkansas 

California 

Colorado 

Connecticut- 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas... .-. 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota. 

Mississippi 

Missouri — 

Montana... 

Nebraska. — 

Nevada 

New  Hampshire.. 

New  Jersey 

New  Mexico 

New  York 

North  Carolina.... 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee 

Texas 

Utah... 

Vermont... 

Virginia 

Washington 

West  Virginia 

Wisconsin 

Wyoming 

District  of  Columbia. 


Gross  tax 

assessed 

prior  to 

deduction 

of  refunds 


$2, 558, 651 
1.  206,  660 
3,  785, 304 

17,  910, 077 

2, 169,  456 

2, 689, 372 

399, 309 

11, 431, 486 
5, 653, 140 
1, 182. 584 


9, 213, 828 
5, 020, 086 
4, 406, 653 
4,935.078 
2. 708,  567 

1,  864,  596 

2,  357,  577 


10,  758, 109 

5. 072,  854 

"  4. 088.  200 

5,  777, 163 

870,  712 

3,  055,  705 

433,  820 

781,  453 


762, 851 


8, 1 13, 044 

1,  083,  531 
13.  556.  253 

6,  237.  989 

3, 536, 142 

™  11,  781,  782 

629,  024 

4,  505,  694 

2,  284, 761 
3, 852,  524 

5,  228,  009 
1,  258,  009 

553,093 
6, 158, 124 

3,  701,  676 
3.  001, 131 
5.  373,  667 

571,  449 
1,  020,  050 


Total 187,  603,  231 


Exemp- 
tion 
refunds 
(deduct 
from 
gross 
tax) 


$228, 396 

200, 000 

1,  407,  954 

77,  707 


8,895 


60,367 


242, 087 
177.  659 
103, 265 


9  41,  250 
63.723 


676,  333 
268, 166 


116,018 


15,  778 
28,002 
12, 871 


326,  571 
95,  038 
298,  987 
IS  25,  580 
202, 313 


117, 128 

8,726 

360, 003 


1,123 


302,  454 
219,  583 
78,  456 
163.  862 
2.  860 
4.857 


Total  tax 

earnings  on 

fuel  for 

motor 

vehicles ' 


Disposition  of  total  tax  earnings 


Collec- 
tion 
costs  2 


$2.  558,  651 

978.  264 

3,  585,  304 

16,  502, 123 

2,  091,  749 

2,  689,  372 

390.414 

11,431,486 
5,  653, 140 
1, 122,  217 


8,  971,  741 
4.  842.  427 
4,  303.  388 
4.  935.  078 
2.  708.  567 

1,  823.  346 

2,  293,  854 


$9,  582 


(*) 


8.400 
4,200 
6,820 


10,081,776 

4,  804.  688 

4, 088.  200 

5,661,145 

870,712 

3,  039,  927 

405.  818 

768.  582 


11,902 
10,  736 

(') 
(') 


10,  069 
2,500 


762, 851 


7,  786,  473 

988,  493 

13,  257,  266 

6,  212,  409 

3,  333.  829 
11.781.782 

511,896 

4,  496.  968 
1,  924,  758 
3, 852,  524 

5,  226,  886 

1,  258,  009 
553.  093 

5,  855,  670 
3.  482.  093 

2,  922,  675 
5,  209.  805 

568.  589 
1,  015,  193 


23,737 

(") 

3,150 
54, 698 


7,028 


25,428 


(19) 


(21) 
(21) 


38, 525 


3,750 

(!3) 

2' 697 

(25) 
(») 

9,982 


Construction  and 
maintenance  of  ru- 
ral roads 


State 
highways 


1. 991, 
8,  251, 

1,  045, 

2,  689, 
390, 

8,  567, 
2,  420, 
1,  115, 


5,  973,  226 

1,  610,  564 

3,  576,  210 

4,  935, 078 

2,  708,  567 
1,511,064 
1, 833. 083 


4,  764, 422 

4,  804,  688 
1, 940, 186 

5,  606, 447 
131,002 

3.  032.  899 
202,  909 
768,  582 


"  1,211,557 


737,  423 


238,897    129,441,520 


Local 
roads 


$2,  549, 069 

489,  132 

684,  488 

8.251.062 

1,045,874 


2,855,771 
1,  613,  983 


2, 986, 613 

3,  221,  127 

727,  178 


302, 213 


1, 990, 912 
'""477,"  707' 
"""202,' 909' 


3, 314, 316 
2, 070. 803 


2, 903, 071 
"i,"798,"787" 


1, 951,  657 
"2,'96i."250 


43,  609,  479 


State  and 
county 
road- 
bond 
payments 


Miscel- 
laneous 


1  $1,613, 983 


4, 082, 060 


»  50, 727 


(16) 


197, 100 


(27) 


5,  238.  869 


'»  458,  271 


"  103, 225 


«  262, 003 


s  168, 392 
"  3, 977, 180 


'  169. 498 


"  1,  306,  721 


2»  1, 015, 193 


9,  074, 466 


Tax  rates,  1926 


Cents  per 

gallon 


Jan.  1     Dec.  31 


2 

3 

4 

2 

2 

2 

2 

4 

3H 

3 

0 

3 

2 

2 

3 

2 

3 

2 

0 

2 

2 

3 

2 

2 


0 
3 
0 
4 
1 
2 
3 
3 
2 
1 
5 
3 
3 
1 

W2 

2 
3 
2 

3!^ 
2 

2^ 
2 


Av. 


32 

3 

4 

2 

2 

2 

2 

4 

3M 

3 

0 

3 

2 

2 

5 

2 

3 

2 

0 

2 

2 

4 

2 
15  2 

2 

4 

2 

0 

3 

n 

4 
2 
2 
3 
3 
2 
1 
5 
3 
3 
1 

3M 
2 

4H 
2 

3H 
2 

2 


Date  of 

rate 
change 


No  tax. 


Feb.  21 


No  tax. 
Apr""i' 


No  tar. 

No  tax. 

July  li 


Mar.  11 


Net  gallons 

of  gasoline 

taxed  and 

used  by 

motor 

vehicles 


127, 932, 

32, 608, 

89, 632, 

825, 106, 

104,  587, 

134, 468, 

19, 520. 

285, 787, 

161, 518, 

37, 403, 


Estimated 
additional 
gallons  (not 
taxed)  used 
by  motor 
vehicles 


299, 058, 
242, 121, 
215, 169, 
103, 477, 
135, 428, 
60,090, 
114, 692, 


650, 000, 000 


504, 088, 

240,  234, 

105, 887, 

283, 057, 

43,  535, 

151,  996, 

10, 145, 

38, 429, 


280, 000, 000 


25, 428, 358 


194,  661, 

73,  689, 

662,  863, 

207,  080, 

118,493, 

588,  379, 

51, 189. 

89, 939. 

64,  l.'iS, 

128, 417, 

522, 688, 

35, 943, 

27, 654, 

135, 814, 

174. 104, 

83,  504, 

260, 490, 

22,  743, 

50,  759, 


825 
462 
296 
296 
937 
021 
641 
352 
589 
453 
578 
117 
594 
061 
636 
998 
262 
572 
671 


255,  000,  000 

'726,'o6o,'666 


2.38    7,883,983,560  [1,905,000,000 


1  The  net  tax  after  deduction  of  refunds  for  exemptions  according  to  law  and  repre- 
sents the  actual  taxes  available  for  disposal.  The  first  2  columns  show  only  the 
procedure  and  are  not  totaled. 

'  Collection  costs  in  many  .States  are  paid  from  other  State  funds,  and  when 
amounts  and  sources  are  reported  notes  are  entered  below. 

5  Changed  to  4  cents  on  Jan.  4,  1927. 

'  Allotted  by  appropriation  out  o{  gasoline  tax'  und,  but  claims  exceed  this  by 
$225,000. 

'  Collection  costs  charged  to  State  controllers  office  fund. 

9  For  State  general  treasury  fund. 

'  Paid  $8,750  from  general  revenue  of  State. 

'  From  general  State  fund. 

»  Refund  of  2  cents  only,  allowed  by  law. 

'!>  For  maintenance  of  Baltimore  Streets. 

"  State  rewards  to  counties. 

"  Paid  from  oil  inspection  appropriation. 

'3  Includes  $103,225  from  extra  2-cent  tax  collected  from  Harrison  County  for  sea 
wall  to  protect  State  highway  in  this  county. 


"  Sea-wall  bonds. 

'5  Changed  to  3  cents  on  January  1,  1927. 

'6  Large  part  of  State  highway  share  is  paid  for  interest  and  sinking  fund  on  State 
highway  bonds. 
"  For  repair  and  maintenance  of  municipal  streets. 
'8  Deduction  of  3  per  cent  allowed  for  evaporation,. 
i«  Paid  $17,616  from  State  funds. 

2«  Includes  $14,202  from  delinquent  1  cent  tax  due  in  1921-1923. 
21  State  appropriation  of  .$5,000. 
■2  For  free  school  fund. 

23  Collection  cost  of  $500  from  motor  vehicle  bureau  appropriation. 
2<  Only  part  o*  cost,  remaining  cost  of  $5,803  is  from  State  appropriation. 
2s  From  Motor  vehicle  license  fund,  .$5,000. 
2»  State  appropriation  of  $7,500. 

"  State  road  bond  payments  taken  from  gasoline  tax,  amount  not  reported. 
2«  For  Washington  Streets. 
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PRINCIPLES  OF  FINAL  SOIL  CLASSIFICATION 

By  Dr.  CHARLES  TERZAGHI,  Massachusetts  Institute  of  Technology,  Research  Consultant  to  the  Bureau  of  Public  Roads 


IF  THE  foundations  of  a  building  settle  excessively, 
thus  causing  cracking  of  the  walls  and  ceilings,  the 
reason  thereof  may  reside  m  excessive  compressibil- 
ity of  the  soil  or  lateral  flow  of  the  material  or  both  of 
these  factors  combined.  The  speed  with  which  the  soil 
is  compressed  by  the  load  depends  on  the  permeability 
of  the  soil.  The  more  permeable  the  soil  the  more 
rapidly  the  excess  water  can  escape.  Hence,  if  we  wish 
to  describe  the  properties  of  a  soil,  its  compressibility 
and  its  permeability  must  be  determined  and  these 
properties  expressed  in  standard  terms. 

Crackmg  of  a  road  surface  caused  by  subsurface  con- 
ditions may  be  due  to  excessive  compressibility  of  the 
subgrade,  to  lateral  squeezing  out  of  the  subgrade,  to 
excessive  volume  change  associated  with  swelling  after 
a  period  of  drought,  to  slaking  of  the  material  in  the 
shoulders  of  the  road,  or  to  expansion  caused  by  freez- 
ing. If  the  soil  is  both  compressible  and  permeable  the 
cracking  will  result  essentially  from  compression  of  the 
material  caused  by  pressure.  If  it  is  compressible  but 
at  the  same  time  very  feebly  permeable,  the  failure  will 
be  due  to  lateral  flow.  The  intensity  of  swelling  is 
simply  determined  by  the  degree  of  elasticity  of  the 
material.  The  slaking  properties  of  the  soil  depend  on 
both  the  modulus  of  swelling  and  on  the  permeability. 
Hence,  if  we  wish  to  describe  the  properties  of  the  sub- 
grade  of  a  road  which  has  failed,  we  have  to  investigate 
the  factors  which  influence  the  amount  and  the  speed 
of  compression  of  the  subgrade  under  pressure  and  the 
volume  change  due  to  drying  and  wettuig.  These  are 
the  outstanding  factors  in  the  proposed  system  of  final 
soil  classification.  We  want  to  describe  our  soils  not 
by  more  or  less  abstract  figures  like  the  Atterberg 
limits,  the  dye  adsorption  number,  the  moisture  equiva- 
lent, etc.,  which  are  suitable  for  preliminary  purposes 
only,  but  rather  by  data  with  a  direct,  simple,  and  well- 
known  bearing  on  the  behavior  of  the  subgrade. 

COMPRESSIBILITY  AND  ELASTICITY  OF  SOILS  STUDIED 

The  term  "compressibility"  refers  to  the  coni- 
pression  produced  by  a  pressure  acting  on  the  soil. 
Suppose  we  have  a  layer  of  fairly  loose  sand,  laterally 
confined.  If  the  surface  of  this  layer  is  loaded  with 
0.5  kilogram  per  square  centimeter  (about  0.5  ton  per 
square  foot),  a  measurement  of  the  density  of  the 
loaded  material  may  show  that  the  voids  occupy  a 
volume  equal  to  0.97  times  the  volume  occupied  by  the 
grains.  We  say  the  sand  has  a  voids  ratio  of  0.97 
(ratio  between  the  volume  of  the  voids  and  the  volume 
occupied  by  the  soHds) .  If  the  pressure  is  raised  from 
0.5  to  3  kilograms  per  square  centimeter,  its  voids 
ratio  drops  from  0.97  to  0.93,  which  means  that  the 
volume  of  the  voids  decreases  by  4  per  cent  of  the 
volume  occupied  by  the  solids.  The  voids  ratio  of  a 
Mississippi  clay  (fig.  1,  A)  under  a  pressure  of  0.5 
kilogram  per  square  centimeter  was  found  to  be  equal 
to  L67.  When  the  pressure  was  raised  from  0.5  to  3 
kilograms  per  square  centimeter  the  voids  ratio  became 
L17;  in  other  words,  the  increase  of  pressure  caused  the 
volume  of  the  voids  to  decrease  by  0.50,  representing  a 
decrease  in  volume  equal  to  50  per  cent  of  the  volume 
occupied  by  the  solids.  Hence  we  are  justified  in 
stating  that  the  clay  is  exceedingly  compressible  in 
comparison  with  the  sand.     On  the  other  hand,  if  the 
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pressure  which  acts  on  the  layer  of  sand  is  reduced  from 
3  to  0.5  kilogram  per  square  centimeter,  reversing  the 
preceding  process,  it  will  be  found  that  the  voids  ratio 
increases  from  0.93  to  0.94,  the  increase  of  the  volume 
of  the  voids  being  equal  to  about  1  per  cent  of  the  volume 
occupied  by  the  solids.  The  same  process  of  reducing 
the  pressure  on  a  layer  of  clay  caused  the  voids  ratio  to 
increase  from  L17  to  L30  (13  per  cent  of  the  volume 
occupied  by  the  solid  matter).  Since  the  expansion 
of  the  soil  produced  by  reducing  the  pressure  represents 
the  reversible  part  of  the  preceding  compression,  we 
say  that  the  clay  is  far  more  elastic  than  the  sand. 

The  compressibility  and  the  elasticity  of  a  soil  can 
be  visualized  by  plotting  a  diagram  with  the  pressures 
as  abscissas  and  the  corresponding  voids  ratios  as 
ordinates.  Figure  1  shows  such  diagrams  for  eight 
different  typical  soils  (full-lined  curves).  For  each 
of  these  materials  the  compression  test  was  started  at 
the  liquid  limit  (upper  plastic  limit),  which  approxi- 
mately represents  the  voids  ratio  of  the  soil  material 
when  deposited  by  very  slow  sedimentation  and  it 
has  not  been  subject  to  any  pressure  (external  or 
capillary)  except  its  own  weight.  The  pressure  acting 
on  the  sample  was  raised  in  succession  from  zero  to 
0.4,  0.8,  L6,  and  3.2  kilograms  per  square  centimeter 
(approximately)  and  the  voids  ratio  corresponding  to 
each  pressure  was  determined.  With  this  data  the 
compression  curves  were  plotted.  By  reducing  the 
pressure  from  3.2  down  to  1.6,  0.8,  0.4,  and  zero 
kilograms  per  square  centimeter  (approximately), 
the  soil  was  allowed  to  swell,  and  the  points  represent- 
ing the  successive  states  of  the  expansion  determine  the 
swelling  curve.  From  these  diagrams  it  is  easy  to 
determine  the  volume^  of  voids  or  the  water  content 
of  the  soil  standing  under  a  pressure  of  a  given  intensity. 
The  steeper  the  compression  curve,  the  more  compres- 
sible is  the  soil,  i.  e.,  the  greater  is  the  volume  change 
produced  by  loading  the  surface  of  the  soil.  On  the 
other  hand,  the  steeper  the  swelling  curve,  the  more  the 
soil  will  expand  as  a  result  of  removing  an  external 
pressure.  As  a  rule,  a  steep  compression  curve  is 
associated  with  a  steep  sweUing  curve. 

COMPRESSION  OF  SOILS  REPRODUCED  WITH  SAND-MICA  MIXTURES 

The  difference  between  the'compression  diagranas  of 
the  different  soils  is  so  striking  that  it  could  not  fail  to 
attract  attention  as  soon  as  it  was  discovered.  Since 
the  compressibility  of  sand  with  only  bulky  grains  is 
always,  without  'exception,  very  small,  very  much 
smaller  than  that  of  the  least  compressible  material 
represented  in  Figure  1,  the  writer  suspected  that  great 
compressibihty  of  any  soil  may  be  due  to  the  presence 
of  an  appreciable  percentage  of  scalelike  particles.  In 
order  to  check  this  hypothesis,  the  writer  induced  G. 
Gilboy,  of  the  Massachusetts  Institute  of  Technology, 
to  investigate  the  compressibility  and  the  expansion  of 
differently  proportioned  mixtures  of  sand  and  mica 
flakes,  both  with  a  grain  size  of  0.5  millimeter.  The 
results  of  these  investigations  were  striking.  By 
properly  selecting  the  mica  content  of  the  sand  it  was 
possible  to  imitate  both  the  compressibility  and  the 
elastic  rebound  of  all  the  clay  soils  which  thus  far  have 
been  investigated.  In  Figure  1  the  dotted  lines  rep- 
resent the  effect  of  raising  the  pressure  up  to  3  kflo- 
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Fig.  1. 


PRESSURE-KILOGRAMS  PER  SQUARE  CENTIMETER 
-Typical  time-compression  curves  for  soil  s.\mples  and  mixtures  of  sand  and  mica 


grams  per  square  centimeters  and  subsequently  reduc- 
ing it  to  zero  on  the  particular  sand-mica  mixture 
which  seemed  to  bear  the  closest  resemblance  to  the 
soil  whose  compression  curve  is  shown  below.  The 
soil  curves  are  lower  in  the  diagram  than  the  sand-mica 
curves  only  because  of  the  difference  in  uniformity  of 
the  two  materials.  As  a  rule,  the  more  uniform  a 
material  is  the  greater  is  its  volume  of  voids  in  a  loose 
state. 

Another  difference  between  the  curves  representing 
soil  and  sand-mica  is  the  range  over  which  the  two 
materials  expand  if  completely  relieved  from  pressure. 
Although  the  shapes  of  the  expansion  curves  for  both 
materials  may  be  almost  identical,  the  final  expansion 
(due  to  removing  the  last  pressure  increment)  is  always 
very  much  smaller  for  the  clays,  than  for  the  equivalent 
sand-mica  jnixtures.  This  is  because  the  sand-mica 
mixture  is  perfectly  cohesionless,  the  particles  being 
free  to  move,  while  the  clay  always  retains  part  of  its 
cohesion,  even  after  complete  removal  of  the  external 
pressure.      (Fig.  1.) 

It  should  be  noticed  that  the  voids  ratio  at  the  begin- 
ning of  each  test  is  in  every  case  less  for  the  clay  soils 
than  for  the  corresponding  perfectly  cohesionless  sand- 
mica  mixture.  Since  the  initial  voids  ratio  of  the  clay 
was  always  equal  to  or  slightly  above  the  liquid  limit, 
we  learn  from  Figure  1  that  the  liquid  limit  corresponds 
to  at  least  as  dense  and  as  stable  a  mass  as  that  of  a 
well-shaken  sand-mica  mixture. 

Figures  2  and  3  illusti-ate  the  difference  in  compres- 
sibility of  various  sand-mica  mixtures.  The  upper  row 
of  pictures  in  Figure  2  show  different  mixtures,  each 
weighing  200  grams  and  with  mica  contents  of  0,  5,  10, 
20,  and  40  per  cent,  respectively.  The  lower  row  of 
pictures  show  the  compression  produced  by  a  standard 
pressure  of  1  ton  per  square  foot. 


Thus  it  became  evident  that  the  compressibility  and 
elastic  rebound  of  soils  has  ver}^  little  to  do  with 
effective  size,  uniformity  or  colloid  content.  The  con- 
trolling factor  seems  to  be  merely  the  mechanical  effect 
of  a  greater  or  smaller  abundance  of  scalelike  particles.' 
In  the  final  soil  classification,  which  is  on  the  point  of 
being  worked  out,  full  advantage  will  be  taken  of  this 
important  fact. 

GRAIN-SIZE  CONTROLS  SPEED  OF  COMPRESSION 

The  only  difference  between  the  results  of  com- 
pression tests  performed  on  a  clay  soil  and  on  an 
equivalent  sand-mica  mixture  concerns  the  speed  with 
which  the  decrease  in  volume  takes  place.  Suppose 
the  sand-mica  mixture  came  to  rest  under  a  pressure 

1  This  hypothesis  was  merely  based  on  the  similarity  between  the  elastic  properties 
of  days  and  of  sand-mica  mixtures.  Facts  however  accuniiilatf  which  seem  to  show 
that  the  clays  really  do  contain  a  considerable  percent;ii;r  of  .sciili-likc  imrl  iik'S.  Some 
of  them  were  published  in  the  writer's  book,  Erdbauiiu'i-lianik,  \ictina  192.5,  which 
discusses  plasticity  of  the  pov/dcrs  of  minerals  which  break  up  into  scalelike  par- 
ticles, difference  between  the  linear  shrinkage  of  clay  samples  in  the  direction  of 
the  pressure  e.terted  on  the  samples  in  pressing  them  into  molds  and  the  linear  shrink- 
age perpendicular  to  this  direction,  etc.  Quite  recently  C.  S,  Kos.-iaml  F,,  V.  Shannon 
succeeded  in  determining  the  physical  form  of  the  clay  niiiicral.s  i)f  bciitonilc  and 
related  clays  and  found  the  following  constituents:  Montinorilloiiitc  (micaceous), 
beidellite  (micaceous),  micaceous  halloysite  (micaceous),  halloysite  (amorphous  or 
submicroscopically  crystalline),  kaolinite  (platy  crystalline),  "The  minerals  of 
bentonite  and  related  clays  and  their  physical  properties,"  by  C.  S.  Ross  and  E.  V. 
Shannon.  Journal  of  the  American  Ceramic  Society,  vol.  9,  February,  1926.  Thus 
out  of  five  clay  minerals  contained  in  bentonite,  three  are  micaceous,  one  platy 
crystalline,  and  only  one  is  apparently  amorphous.  The  elasticity  (elastic  rebound) 
of  average  clays  corresponds  to  the  elasticity  of  a  sand-mica  mixture  with  10  per  cent 
mica  and  those  of  the  most  elastic  clays  to  mixtures  with  20  per  cent  mica.  Hence 
the  findings  of  Ross  and  Shannon  represent  an  important  step  towards  explaining 
the  similarity  between  clays  and  sand-mica  mixtures. 

There  exists,  however,  one  more  group  of  soil  constituents,  which  seem  to  have 
an  elTect  on  the  elasticity  of  the  soils  very  similar  to  the  effect  of  mica.  This  group 
consists  of  the  organic  colloids.  One  year  ago  the  writer  showed,  that  the  compression 
curve  of  gelatine  is  almost  the  same  as  the  compi-ession  curve  of  an  accumulation 
of  mica  flakes.  The  difference  between  the  gelatine  and  the  mica  powder  merely 
consists  in  the  fact  that  the  gelatine  is  almost  perfectly  elastic  the  expansion  curve 
being  almost  identical  with  the  compression  curve,  whereas  the  mica  powder  is 
imperfectly  elastic,  as  are  all  accumulations  of  individual  grains.  From  what  we 
know  thus  far,  a  high  content  in  organic  matter  associated  with  mica  content  (silts) 
causes  considerable  elasticity  and  an  abnormally  high  liquid  limit  combined  with 
a  comparatively  low  plasticity  index. 
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of  1.5  kilograms  per  square  centimeter.  If  the  pressure 
is  increased  rapidly  from  1.5  to  3  kilograms  per  square 
centimeter,  from  90  to  95  per  cent  of  the  compression 
takes  place  almost  at  once.  Then  the  compression 
slowly  increases  as  time  goes  on  and  after  a  couple  of 
hours,  equilibrium  is  practically  reached,  and  the  com- 
pression proceeds  no  further.  Figure  4,  A  shows  the 
results  of  time  observations  made  on  a  layer  of  a  20 
per  cent  sand-mica  mixture.  When  making  the  same 
test  on  a  clay  with  equal  compressibility,  practically 
none  of  the  compression  takes  place  at  once,  the  time 
required  for  obtaining  75  per  cent  of  the  total  com- 
pression depending  on  both  the  permeability  of  the 
material  and  the  thickness  of  the  layer.  Figure  4, 
B  shows  the  time-compression  curve  for  a  highly  plastic 
soil  from  Colombia,  South  America,  and  Figure  4,  C 
shows  an  equally  plastic  gumbo  from  the  bed  of  the 
Mississippi  River.  The  compressibility  of  these  three 
materials  is  shown  in  Figure  1,  A,  B,  and  C.  Since  all 
three  materials  are  practically  equally  compi'essible  and 
elastic,  it  seems  logical  to  associate  the  differences  be- 
tween the  time-compression  curves  with  differences  in 
grain-size  of  the  materials. 

If  the  mechanics  of  the  process  of  consolidation 
under  pressure  is  considered,  it  at  once  becomes  obvi- 
ous that  a  low  degree  of  permeability  must  be  asso- 
ciated with  slow  consolidation.  Suppose  a  20-centi- 
meter layer  of  a  material  with  the  compressibility  of 
the  soils  in  Figure  4  be  subject  to  a  rapid  increase  in 
pressure  from  1.5  to  3.1  kilograms  per  square  centi- 
meter, resulting  in  a  decrease  in  thickness  of  1.4  centi- 
meters. If  +^3  voids  of  the  material  are  filled  with 
air  only,  the  compression  of  the  layer  from  20  to  18.6 
centimeters  can  take  place  at  once,  except  for  the  time 
required  for  the  particles  to  adjust  themselves  to  the 
modified  conditions  of  stress  within  the  layer.  In 
cases  like  that  of  Figure  4,  A,  the  lag  is  insignificant. 
On  the  other  hand,  if  the  voids  of  the  material  are 
filled  with  water,  compression  from  a  thickness  of  20 
centimeters  down  to  18.6  centimeters  requires  a  sheet 
of  water  1.4  centimeters  thick  to  flow  from  the  in- 
terior of  the  material  through  its  upper  surface.  No 
water  can  flow  unless  there  is  a  hydraulic  gradient,  and 
the  less  permeable  the  material,  the  slower  will  be 
the  flow  under  a  given  gradient.  Hence,  the  time  re- 
quired to  press  a  sheet  of  water  1.4  centimeters  thick 
out  of  the  material  will  depend  on  how  permeable  the 
material  is. 

The  mechanics  of  the  lag  in  compression  can  best 
be  learned  by  discussing  an  apparatus  as  illustrated 
in  Figure  5.  Figure  5,  A,  represents  a  cylindrical  ves- 
sel with  a  perforated  piston  the  weight  of  which  is 
compensated  by  the  pressure  exerted  b}^  two  springs, 
Si  and  S2.  If  the  space  below  the  piston  is  empty,  a 
pressure  applied  on  top  of  the  piston  will  cause  the 
piston  to  move  almost  instantaneously  downward 
through  a  distance,  d,  depending  on  the  compressi- 
bility of  the  springs.  On  the  other  hand,  if  the  space 
below  the  piston  is  filled  with  water,  the  downward 
movement  of  the  piston  will  be  retarded  on  account 
of  the  time  required  for  the  water  to  escape  through 
the  openings  of  the  piston.  The  smaller  the  openings, 
the  longer  it  will  take  the  piston  to  reach  its  final  posi- 
tion. During  the  downward  movement,  the  water  lo- 
cated beneath  the  piston  will  be  under  a  pressure  the 
intensity  of  which  depends  on  the  hydraulic  gradient 
required  to  force  the  water  through  the  openings.  The 
longer  the  pressure  acts,  the  lower  the  speed  with  which 
the  water  escapes,  and  finally  the  system  will  come  to 
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rest  and  the  hydrostatic  pressure  in  the  water  beneath 
the  piston  becomes  equal  to  zero. 

The  water  contained  in  the  voids  of  a  water-soaked, 
compressible  layer  of  soil  (fig.  5,  B)  behaves  under  pres- 
sure in  precisely  the  same  manner  as  does  the  water 
beneath  the  piston  of  Figure  5,  A.  The  only  difference 
is  that  in  the  case  of  Figure  5,  B,  the  obstacles  which 
interfere  with  the  escape  of  the  water  are  scattered 
throughout  the  space;  hence,  the  hydrostatic  excess 
pressure  will  be  different  in  different  parts  of  the  layer. 
Nevertheless,  the  size  of  the  openings  still  remains  the 
principal  factor  controlling  the  speed  with  which  the 
water  escapes. 

MATHEMATICAL  RELATION  EXISTS  BETWEEN  PERMEABILITY  AND 
SPEED  OF  COMPRESSION 

Since  the  speed  of  the  process  of  consolidation 
depends  on  nothing  but  the  quantity  of  water  to  be 
forced  out  of  the  soil  and  on  the  resistance  against 
flow  of  the  water  through  the  material,  it  has  been 
possible  to  work  out  a  theory  of  consolidation  of  water- 
soaked  soils  under  pressure  and  to  compute  the  per- 
meability  from   the   speed   with   which   consolidation 


proceeds.     Since  this  theory  has  been  published  else- 
where^ the  results  only  are  presented  here.     Let 

/lo  be  the  reduced  thickness  of  the  layer  of  soil  in  centi- 

naeters,  i.  e.,  the  thickness  the  layer  would  have  at  a 

volume  of  voids  equal  to  zero, 
po  the  pressure  acting  on  the  sample  before  the  beginning 

of  the  test  in  grams  per  square  centimeter. 
Po  +  Pi  the  pressure  acting  on  the  sample  during  the  test, 

in  grains  per  square  centimeter. 
t  the  elapsed  time  in  minutes  after  the  pressure  was  raised 

from  po   to    /)o+?^i- 
Co  the  voids  ratio  of  the  sample  at  the  beginning  of  the 

test. 
e  the  voids  ratio  of  the  sample  after  time  t. 
e\  the  voids  ratio  of  the  sample  after  an  infinite  time. 
Ae=eo  — e  the  compression  after  a  time  t. 
Aei  =  eo  — ei  the  final  compression  produced  by  increasing 

the  pressure  from  po  to  po  +  Pi- 

(Since  the  voids  of  the  soil  are  supposed  to  be  com- 
pletely filled  with  water,  the  voids  ratio,  e,  is  synony- 
mous with  the  water  content  in  cubic  centimeters  per 
cubic  centimeter  of  solid  soil  material.) 

a=-^  (7)1  in  grams)  the  coefficient  of  compressibilitv,  i.  e. 
Pi 
the  average  decrease  in  voids  ratio  produced  per  gram 
of  additional  pressure. 

Finally,  the  speed,  with  which  the  process  of  consoli- 
dation proceeds  depends  on  the  value  of  Ic,  the  coeffi- 
cient of  permeability.  To  explain  the  meaning  of  the 
coefficient  of  permeability,  let  us  suppose  a  layer  of 
soil  with  a  thickness,  A,  inclosed  between  two  vertical 
screens.  (Fig.  6,  A.)  Through  each  of  these  screens 
the  voids  of  the  soil  are  supposed  to  communicate  with 
bodies  of  free  water.  If  the  water  on  the  left  side  of 
the  soil  stands  higher  than  on  the  right  side,  the  water 
percolates  through  the  soil  from  the  left  to  the  right. 
According  to  Darcy's  law  the  speed  of  percolation 
increases  in  direct  proportion  with  the  hydraulic 
gradient  (ratio  between  the  difference  in  water  pressure 
on  both  sides  of  the  layer  of  soil  and  the  distance 
through  which  the  water  percolates,  which  in  this 
case,  is  equal  to  the  thickness,  h,  of  the  layer).  If  the 
difference  in  elevation  of  the  two  water  levels  is  equal 
to  A,  the  thickness  of  the  layer,  the  hydraulic  gradient 
is  equal  to  unity.  The  speed  of  percolation  at  a 
hydraulic  gradient  equal  to  unity  is  called  the  coeffi- 
cient of  permeability  t,.  It  should,  however,  be 
noticed,  that  the  speed  of  percolation  does  not  indicate 
the  velocity  with  which  the  water  moves  through  the 
voids  of  the  soil,  but  the  speed  with  which  it  moves 
immediately  after  it  leaves  the  soil,  through  the  unob- 
structed space  adjoining  the  downstream  screen. 
Hence  the  speed  of  percolation  expresses  as  well  the 
quantity  of  water  which  passes  per  unit  of  time  through 
a  unit  of  area  of  the  layer. 

What  precedes  represents  the  current  definition  of 
the  coefficient  of  permeability.  It  refers  to  the  true 
thickness  of  the  layer  of  soil.  In  contrast  to  this,  in 
the  computations  concerning  the  consolidation  of  soils 
we  are  obliged  to  refer  everything  to  the  reduced  dimen- 
sions of  the  samples;  that  means  to  the  thickness  the 
samples  would  have  if  the  space  occupied  by  the  voids 
were  reduced  to  zero.  Otherwise  it  would  be  impossible 
mathematically  to  solve  the  equations.  The  reduced 
thickness  of  the  sample  has  been  called  \.  The  true 
thickness,  Ix,  is  equal  to  /to  (1  +  e)  wherein  e  is  the  voids 
ratio. 
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Ae  =  Ae,[l-^, 


_9C7r2 
4Ao2 


The  reduced  coefficient  of  permeability,  Tc,  is  the  speed 
with  which  the  water  woukl  percolate  through  the 
sample  if  the  difference  between  the  two  water  levels 
were  ha  instead  of  /;.  This  speed  of  percolation  is 
obviously  smaller  than  the  true  coefficient  of  perme- 
ability.    Since,  according  to  Darcy's  law,  there  exists    with  Agj  =  100  per  cent  and 


(2ra+l)icir> 
4fto'       ' 


].(., 


(2/1+1)2x2* 

Figure  7  shows  this  relation  graphically,  for  a  material 


1. 


Ml  I  I 


A  B 

Fig.  5. — Apparatus  illustrating  action  of  water 
under  hydrostatic  pressure,  escaping  through 
small  openings 

a  simple  proportionality  between  the  hydraulic  gradient 
and  the  speed  of  percolation,  we  can  write 

"'  -"-h    '  h^^  ■  1  +  e 


Hence  k  — 


1+e 


When  making  the  standard  compression  test,  the 
water  percolates  through  the  sample — not  in  a  horizontal 
direction,  as  shown  in  Figure  6,  but  in  a  vertical  direc- 
tion. After  the  pressure  has  been  raised  from  Po  to 
jOo  +  2^i>  tlie  voids  radio  decreases  from  eo  to  ei  =  eo~'^^l■ 
The     average     voids     ratio     during    this    process    is 

e  =  — ^ —  =eo — ^'     In  introducing  this  value  of  e  into 

our  formula  we  obtain  for  the  reduced  coefficient  of 
permeability  the  formula 


k== 


fr, 


1  +  eo— M-^ei 


While  the  voids  ratio  of  the  sample  decreases  from 
€(,  to  Ci,  both  the  true  and  the  reduced  coefficient  of 
permeability  decrease.  At  the  same  time  the  valae  of 
the  coefficient  of  compressibility  decreases,  the  afore- 
mentioned value,  a,  merely  representing  the  average 
for  the  whole  range  from  (?o  to  ei.  Fortunately  the 
fundamental  equations  contain  neither  the  value  of  k 
nor  the  value,  a,  individually,  but  they  contain  the  ratio 

k 
between  these  two  values,  viz,  c  =  --    This  value  is 

called  the  coefficient  of  consolidation.  While  both  the 
values  of  a  and  of  Jc  rapidly  decrease  with  the  voids 
ratio,  the  variations  of  c  are  far  less  significant,  which 
fact  considerably  increases  the  degree  of  accuracy  of 
our  computations. 

To  make  the  list  of  symbols  used  in  the  following 
equations  complete,  we  have,  as  a  result  of  the  preced- 
ing discussions,  to  add 

fci  the  coefficient  of  permeability  of  the  soil  in  cm.  per 
min.,  or  the  velocity  with  which  the  water  flows  through 
the  soil  under  a  hydraulic  gradient  equal  to  one, 

k  =  ki:r', ,  ,,       the   reduced   coefficient    of   permeabil- 

ity,  and 

k 
c=—  the  coefficient  of  consolidation. 
a 

By  theory  it  was  found  that  the  aforementioned 
quantities  are  connected  with  each  other  by  the  follow- 
ing  equation: 


Ctt' 


The  effect  of  the 

assumption  ^'j^2  =  1  will  be  discussed  later.     In  Figure  8 

the  results  of  time  observations  with  gelatine  have 
been  plotted.  The  small  circles  represent  the  results 
of  the  measurements  and  the  full  line  shows  the 
theoretical  consolidation  curve  according  to  the  pre- 
ceding equation.  Since  the  mternal  friction  in  gelatine 
is  very  small,  the  agreement  between  theory  and 
observation  is  almost  perfect. 

PERMEABILITY  COMPUTED  FROM  TIME  OBSERVATIONS 

When  a  layer  of  water-soaked  soil  consolidates 
under  pressure,  the  time  effect  due  to  low  permeability 
combines  with  the  time  effect  due  to  internal  friction. 
Accordmg  to  equation  (1)  the  time  effect  due  to  low 
permeability  increases  in  direct  proportion  with  the 
square  of  the  reduced  thickness  /;,o  of  the  layer.  In 
contrast  to  this,  the  time  effect  due  to  internal  friction 
(gradual  adjustment  of  the  soil  particles)  was  found 
to  be  practically  independent  of  the  value  of  /to- 
Hence  interpretation  of  the  time-compression  curves 
representing  test  results  is  apt  to  be  misleading  unless 
one  succeeds  in  separating  the  two  effects  from  one 
another.  This  can  be  done  on  account  of  the  fact 
that  if  there  were  no  appreciable  resistance  against  the 
escape  of  the  water,  the  first  part  of  the  compression 
would  occur  almost  instantaneously. 

In  the  following  discussion  this  part  will  be  called 
nACi,  the  value  of  the  coefficient,  n,  ranging  according 
to  the  type  of  the  soil  and  to  the  value  of  po  anywhere 
between  0.6  and  1  (60  and  100  per  cent).  As  a  rule, 
the  value  of  n  is  about  0.85  (more  or  less).  The  second 
part  (l—n)Aei  represents  the  compression  due  to 
gradual  adjustment  of  the  grains  and  the  speed  with 
which  this  part  of  the  compression  takes  place,  is 
essentially  governed  by  internal  friction  (friction 
between  the  soil  grains).     Hence  if  there  is  an  appre- 


A  B 

Fig.    6. — Diagram.s    used    in    defining    meaning    of   ki   the 

COEFFICIENT    OF    PERMEABILITY    AND    fc    THE    REDUCED    COEFFI- 
CIENT   OF    PERMEABILITY 

ciable  lag  between  Ae  =  o  and  Ae  =  wAei  this  lag  is 
almost  exclusively  due  to  the  resistance  against  the 
flow  of  the  water.  The  shape  of  the  curve  for  the  lag 
due  to  low  pei'meability  is  very  characteristic.  Due 
to  this  fact  the  problem  merely  consists  in  finding  out 
how  far  the  time-compression  curve  follows  the  law 
expressed  by  equation  1  and  in  determining  the  con- 
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stants  of  this  first  section  of  the  curve.     To  solve  this 

problem  a  simple  graphical  method  has  been  devised. 

This  in<>thod  is  based  on  the  following  facts:  Let 

^e  be  the  comprcs.sion  produced  Ijv  increasing  the  pressure 

from  p„  to  po  +  pu  after  a  time  ^i   (fig.  7), 
Ae,  =  100  per  c-cnt  compression,  the  compression  after  an 
infinite  time,  and  _        Ae 

<2    the    time    required    to    produce    the    compression   -^ 

(fig.  7). 
If  the  values  of  \e  are  plotted  as  ordinates  and  the 

corresponding  values  of  -  as  abscissas  (curve  C  in  fig. 


l>0 


60 


which  passes  through  the  point  P  and  which  approaches 
a  horizontal  asymptote  with  an  ordinate,  n,  equal  to 

^r-^    times  the  ordinate  of  the  point  P.     The  problem 

merely  consists  in  determining  the  value  of  c  for  which 
the  theoretical  curve  passes  through  the  point  P  with 
an  abscissa  ^i  and  an  ordinate  0.90  or  90  per  cent. 

In  order  to  solve  this  problem  we  return  to  equation 
1.  In  Figure  7  the  point  P  with  an  ordinate  90  corre- 
sponds to  an  abscissa  ii  =  2.1.  If  we  introduce  in 
equation    1    the   data   for   point   P   in    Figure  7,  viz, 


\ 

\  . 

\ 

X  1 

-r'"^^ 

Y^ 

--c^- 

;''^-. 

" 

^ 

TIME-  MINUTES 


0  5  10 

t, 
RATIO  ^ 

Fig.  7. — Theoretical  time-compression  curve 


7)  a  curve  is  obtained  with  a  very  characteristic  shape. 
From  Ae  =  o  up  to  Ae  =  0.7Afi  the  value  of  ~  is  approxi- 
mately equal  to  4,  which  means  that  within  this  range, 
the  consolidation  curve  is  approximately  a  parabola. 

Between  Ae  =  0.7Aci   and   Ae  =  0.94Afi   the  value  of    - 

increases  from  4  to  6,  and  between  the  limits  of  Ae  =  0.94 
Aei  and  l.OOA^i  it  goes  rapidly  up  from  (3  to  infinity. 
When  comparing  theoretical  curves  of  the  type  of 
Figure  7  with  the  actual  time-compression  curves  for 
a  considerable  number  of  soils  the  following  fact  was 
noticed.  As  a  rule,  the  empirical  curves  have  very 
nearly  the  same  shape  as  the  theoretical  curves  up  to 
a  point  which,  on  the  theoretical  curve,  has  an  ordinate 
of  90  per  cent  (approximately).  Beyond  this  point 
the  discrepancy  between  the  two  curves  increases  very 
rapidly,  in  such  a  manner,  that  the  100  per  cent  ordinate 
of  the  theoretical  curve  corresponds  to  an  ordinate  n 
equal  to  anywhere  between  80  and  100  per  cent  on  the 
actual  curve.     An  ordinate  of  90  per  cent  (Af  =  0.90Af  i) 

on  the  theoretical  curve  corresponds  to  a  value  of  7^ 

of  5.27. 

Hence,  in  order  to  adapt  equation  1  to  an  empirical 
time-compression  curve  (see,  for  example,  the  curves  of 
fig.  9,  soil  No.  2250),  we  start  by  tracing  a  short  section 


.,=1  and  #1  =  2.1,  we  obtain: 


97r2 


(2n+l)27r2 


.e-(2n+i)nx2.i 


Ctt' 

4T-'o 

Ae  =  Aeiri  — 

=  0.9Ae,. 
If  we  had  plotted  our  curve  (fig.  7)  for  any  other  value 

2  2 

of  TT2"'   for  instance.  .  ±2  =5,  we  would  have  obtained 
4  «  0  4  /I  0 

2  1. 
for^i  the  value  i\  =  -.-  =  0.42  simply  because  our  equation 
o 

does  not  furnish  the  result  Ae=0.9  Afj,  except  for  one 
definite  value  of  the  exponent  of  ^.  Hence,  if  for  jp-  we 
assume  a  value  of  5  instead  of  1  then  the  value  of  ti 


would  become 


2.1 


and  we  have 


2.1 


-(2n  +  l)-X  1x2.1  =  -(2n,  +  l)2X5X-g-  =  ,etc. 
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time  -  minutes 
Fig.  8. — Full  line  represents  theoretical  curve 

WHILE  circles  SHOW  CLOSE  AGREEMENT  OF  TEST  ON 
ISOELECTRIC  GELATINE,  LOWERING  THE  PRESSURE 
FROM'^ll.l  TO  5.57  KG.  PER  SQ.  CM.  ThE  TIME  OF 
TEST  WAS  ONE  WEEK.  ThE  TEST  WAS  ACTUALLY 
MADE  BY  ALLOWING  THE  GELATINE  TO  EXPAND 
RATHER  THAN  COMPRESSING  IT,  BUT  SINCE  GELATINE 
IS  ALMOST  PERFECTLY  ELASTIC  THERE  IS  PRACTICALLY 
NO  DIFFERENCE  BETWEEN  COMPRESSION  AND  EX- 
PANSION   CURVES 


of  the  ,'  curve  (dotted  curve  C  in  fig.  9,  B 

determine  on  this  curve  the  point  P^  for  which  the  value 

of  j  is  equal  to  5.27.     Then  we  find  the  point  P  on  the 

consolidation  curve  whose  ordinate  is  equal  to  the 
oraiiiate  of  Pj.  The  point  P  corresponds  to  the  point 
P  on  the  consolidation  curve,  Figure  7,  and  also  to  the 
time  U  in  the  consolidation  diagrams,  Figure  9. 

If  there  were  no  internal  friction  in  the  soil,  the  con- 
solidation would  occur  according  to  a  theoretical  curve 


In  Figure  9  the  abscissa  t^  is  determined  by  the  test 
to  E)  and    results.     Since,   according  to  what  precedes,  for  Ae  = 


0.9A€i,  the  product  r^r^i  must  be  equal  to  2.1,  we  can 
write  the  eciuation 

or  the  factor  of  consolidation  of  our  sample 

,=  2AX4^AJ,_„g.^i (,, 
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Fig.  9. — Load-compression  curve  and  time-com- 
pression CURVES  AS  A  RESULT  OF  TESTS  ON 
SAMPLE    No.    2250,   YagUAJAY    CLAY    FROM    CuBA 
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SAMPLE  NO  2250,  YAGUAJAY  CLAY,  FROM  CUBA 
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SAMPLE  NO  2364 
FROM  NEW  ORLEANS 
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SAMPLE  N0,I606 
FROM  COLOMBIA,  SOUTH  AMERICA 
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VOIDS  RATIO 
Fig.  10. — Curves  showing  variation  in  value  of  c,  o,  and  k\,  for  three  typical  soil  samples 


wherein  \  is  the  reduced  thickness  of  our  sample  in 
centimeters  (see  nomenclature  for  equation  1)  and 
ty  is  the  time  in  minutes  which  corresponds  to  point 
P  on  the  consolidation  curve. 

The  value  of  c  being  determined,  it  remains  to  con- 
sider how  to  find  the  value  of  ^i  (coefficient  of  permea- 
bility). Strictly  speaking,  the  value  c  derived  from 
any  time-compression  curve  represents  the  average 
coefficient  of  consolidation  for  the  range  Cq  to  Co-nAei. 
In  addition  to  this,  the  following  fact  should  be  kept 
in  mind:  According  to  Figure  9,  the  lag  due  to  low 
permeability  occurs,  as  if  the  compression  of  the  sample 
were  equal  to  nAcj,   the  corresponding  coefficient  of 

compressibility  being   equal   to   ~ — ^  instead   of   — '• 

However,  considering  the  errors  involved  in  the  graphi- 
cal procedure  as  such  and  the  degree  of  accuracy 
required  for  classification  purposes,  these  facts  are 
disregarded,  except  when  making  investigations  for 
scientific  purposes.  For  current  work  we  refer  all  the 
values  resulting  from  the  computation  for  any  specific 
pressure  interval  pp  to  />o  +  7^i  to  the  voids  ratio  e^-ht^ex 
(average  voids  ratio  for  the  time-compression  process) 
and  consider  the  coefficient  of  compressibility  equal  to 


On  this  assumption  we  obtain 


Ae, 
Pi 


»    ^  =  ca,  and  iti  =  ca  (1 +60  — 5AC1). 


METHOD  ILLUSTRATED  BY  EXAMPLE 

As  an  example  of  what  precedes,  Figures  9  and  10 
may  sei've.  Figure  9,  A,  shows  the  pressure-voids 
ratio  curve  for  a  highly  plastic  clay  from  Cuba  and  the 
Figures  9,  B  to  E,  the  results  of  the  time-pressure 
observations.  The  pressure  was  raised  bv  increments 
from  zero  to  0.422,  0.807,  1.577  and  3.114  kilograms 
per  square  centimeter.  The  corresponding  values  of 
Pi  and  Ae,  can  be  learned  from  Figure  9,  A.  They  are 
as  well  represented  in  Table  1.  This  table  shows  in 
addition  the  numerical  computations  in  the  order  in 


which  they  follow  each  other.  The  data  for  comput- 
ing the  values  contained  in  the  lines  1  to  5  of  the  table 
are  obtained  from  the  pressure-voids  ratio  diagram 
Figure  9,  A.  The  next  step  consists  in  determining 
the  value  U.  For  this  purpose  one  first  traces  a  smooth 
curve  through  those  points  in  the  time-compression 
diagram,  which  represent  the  actual  observations.  In 
the  diagrams,  this  curve  is  shown  by  a  full  line.  Then 
one  plots  the  curve  C,  whose  abscissas  represent  the 

values  of  ,^-   With  some  skill  one  usually  succeeds  in 

obtaining  the  information  required  by  plotting  not 
more  than  three  points  on  this  curve.     The  point  whose 

abscissa  is  7^  =  5.27  represents  point  Pi.     The  abscissa 

of  the  point  P  which  corresponds  to  the  point  Pi  on 

the  ,^-curve  gives  the  value  <i  in  the  table. 
h 
For  the  purpose  of  ckecking  the  actual  observations 
against  the  theoretical  values  determined  by  equation  1 
the  following  procedure  can  be  followed:  In  Figure  7 
the  ordinates  0.2,  0.4,  0.6,  0.8,  0.90,  and  0.95  (20,  40, 
etc.,  if  expressed  as  a  percentage)  correspond  to  the 
abscissas  (values  of  U)  0.08,  0.316,  0.70,  1.42,  2.10, 
and  2.80.  In  the  time-compression  diagram  (fig.  9), 
the  ordinate  of  the  horizontal  asymptote  to  the  theo- 
retical curve  is  equal  to  w,  equal  to  „  ,^  times  the  ordi- 
nate of  point  P.  Hence,  in  order  to  trace  the  theo- 
retical curve  through  the  point  P  in  Figure  9,  divide 
the  space  between  zero  and  n  into  equal  parts,  such  as 
to  obtain  on  the  vertical  axis  points  with  the  ordinates 
0.2n,  0.4n,  0.6/1,  0.8«.,  and  0.95n.  Since  the  difference 
between  the  theoretical  curves  in  Figure  7  and  Figure  9 
is  one  of  scale  only,  the  abscissas  of  P  being  equal  to 
2.1  and  t^  respectively,  the  abscissas  of  the  theoretical 
curve  in  Figure  9,  for  the  ordinates  0.2??,  0.4n,  O.On, 
0.8«,,  0.90n  and  0.95n,  will  obviously  be  equal  to 
.  0.08  ^  0.316  .  0.70  ,  1.42  ,  ,  ,  2.80  ^  ,,  ,. 
'  21'    2  1   '  '  ^  i  '  '  2~r'  '  ^        '  "M""  tnne- 

compression  diagrams  Figure  9,  B  to  E,  the  theoretical 
curves  thus  obtained  are  shown  by  dotted  lines. 
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Table  1. — CompiilaUoii  of  roelTicients  nf  consolidntion  and  pri- 
meahility  for  sample  No.  2250  for  four  incrcmeiil.s  of  load  irilh 
h„  =  U.2?4  cm. 


First  load 
increment 


;)i  in  prams  ppr  square  centimptrr  422 

fn    ;!.145 

Afi I  o.ggs 

e=fo-'^2' '  ^-"''^ 

a  =  — '  0.00236 

Pi 

(i  in  minutes SS.  7 

n.         n.8S 

A>„    0.0638 

c=0.85-r=^    " (l.(H)17f) 

k,  =  :a(l+e) ,  0.0000154 


Second  load 
increment 


■Mr, 

■2.  I.W 
0.  23.1 


0.00061 

64.4 

0.81 

0.  OllOiHI 
0.  00000183 


Third  load 
increment 


770 
1.91.') 
0.  29.") 


0. 0(H)383 


67.  0 

0.  8.1 


0.  (1009.''i 
0.  00000096 


Fourth  loud 
increment 


1,.S37 
1.620 
0.  210 


n.  0001.16 

I2O.0 
0.86 

0.  0(J0.13 

0.  00(MinO21 


i-apidly  in  soil  B  Mian  in  soil  A.  Or,  if  the  surface  of 
both  soils  be  shiuiltaneously  exposed  to  the  air,  so  that 
the  water  can  gradually  evaporate,  the  dry  crust  which 
forms  on  soil  B  will  be  very  much  thicker  than  the  dry 
crust  on  soil  A.  Finally,  if  both  soils  come  into  con- 
tact with  open  water,  after  having  previously  dried 
out,  ihv  soil  B  will  swell  one  hundred  times  more 
rapidly  tlian  will  the  soil  A. 

It  has  been  indicated  that  the  value  of  the  c()eHici<mt 
()f  consolidation  ranges  between  extraordinarily  wide 
limits.  Since  this  coefficient  determines  the  speed  with 
which  a  pressure  is  apt  to  compress  the  soil,  provided 
its  voids  are  Hlled  with  water,  it  ranks  among  the  most 
chHracfcristic  constiinfs  of  the  soil. 


After  the  \  allies  of  /,  have  been  found,  the  values  of 
c  and  /"i  can  be  coni|iiited  (lines  8  and  9  in  Table  1). 
Figure  10,  A  shows  the  results  of  the  computations 
graphically,  the  vlaues  of  a,  c  and  /•,  plotted  against 
voids  ratio.  Figure  10,  B  and  (\  represent  similar 
test  results  for  two  other  soils. 

These  diagrams  bring  out  the  known  fact  that  the 
coefficient  of  permeability  decreases  very  rapidly  with 
decreasing  voids  ratio.  The  same  is  true  for  the  co- 
efficient of  compressibility.  Coefficients  as  variable 
as  these  are  certainly  not  suitable  for  classification  piir- 
jioses.  On  the  other  hand,  the  degree  of  permeability 
of  a  soil  is  a  property  of  such  far-reaching  and  universal 
importance  that  no  classification  for  engineering  pur- 
poses can  be  satisfactory  without  considering  it.  The 
simplest  way  to  overcome  the  difficulty  is  to  express  it 
indirectly,  by  the  average  coefficient  of  consolidation. 
Figure  10  indicates  that  the  coefficient  of  consolidation 
is  far  less  variable  than  either  o  or  t,  and  at  the  same 
time  it  depends  directly  on  permeability.  The  coeffi- 
cient of  consolidation  of  soils  varies  from  less  than 
0.001  for  very  plastic  clays  to  500  or  more  for  very 
fine  sands.  Hence  no  great  accuracy  in  computing 
and  expressing  this  coefficient  is  required  for  charac- 
terizing the  soils. 

It  is,  proposed  to  make  not  more  than  two  sets  of 
time  observations  for  every  standard  volume-com- 
pression test,  one  for  raising  the  pressure  from  0.4  to 
0.8  kilogram  per  scjuai'e  centimeter  approximately  and 
one  from  1.5  to  3  kilograms  per  square  centimeter 
approximately  and  to  consider  the  average  coefficient 
of  consolidation  to  be  equal  to  the  mean  of  these  two 
values,  omitting  all  decimals.  The  coefficient  of  con- 
solidation for  the  first  pressure  increment  from  zero 
to  0.4  kilogram  per  square  centimeter  is  disregarded, 
because  this  coefficient  has  been  found  to  be  usually  an 
abnormal  one,  being  excessively  low  or  excessively 
high  (fig.  10,  A  and  B).  Thus,  for  the  three  soils  rep- 
resented in  Figure  10,  the  coefficients  of  consolidation 
would  be  equal  to  one-half  (0.00099 +  0.00053)  =0.0008 
for  sample  No.  2250,  0.005  for  sample  No.  2364,  and 
0.02  for  sample  No.  1606,  these  figures  representing 
the  order  of  magnitude  of  the  coefficients. 

COEFFICIENT  OF  CONSOLIDATION  IS  OF  PRACTICAL  SIGNIFICANCE 

It  is  believed  that  the  coefficient  of  consolidation  is 
of  considerable  practical  significance.  Suppose  we 
have  two  equally  compressible  clay  soils,  A  and  B,  soil 
A  with  a  coefficient  of  consolidation  of  0.001,  and  soil 
B  with  a  coefficient  of  consolidation  of  0.1 .  If  a  similar 
load  is  placed  on  top  of  each  of  these  soils  the  com- 
pression  will   be   produced    one   hundred    times   more 
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Fifi.  11. —  An  abnormal  consolidation  riTRVE  .showing 
considerablp:  departure  from  theoretical  curve. 
Curve  represents  compression  on  raising  pres- 
sure  FROM   1.577  TO  3.114   KG.   per  sq.  cm. 

For  friable  soils  consolidation  is  apt  to  proceed  so 
rapidly  that  the  timexobservations  can  not  be  made 
with  the  same  degree  of  precision  as  can  be  done  for 
slowly  consolidating  materials.  In  that  case,  a  simple 
modification  of  the  test  arrangement  makes  it  possible 
to  obtain  the  data  concerning  the  pei'meability  of  the 
material  independent  of  the  time-compression  obser- 
vations. The  modification  consists  in  compressing  the 
material  by  means  of  a  piston  with  a  permeable  bottom 
instead  of  using  a  piston  with  a  watertight  bearing 
surface.  The  permeability  of  the  sample  is  computed 
from  the  speed  with  which  the  water  fiows  from  a 
narrow  standpipe  through  the  sample  and  through  the 
permeable  bottom  of  the  piston  into  the  hollow  interior 
of  the  piston,  while  the  sample  is  under  pressure.  The 
test  results  combined  with  the  data  furnished  by  the 
compression  observations  determine  the  value  of  the 
coefficient  of  consolidation. 

The  same  procedure  should  be  followed  in  those  cases 
where  the  consolidation  curve  has  an  abnormal  shape, 
that  means  where  the  value  of  n  is  smaller  than  approx- 
imately 0.8,  a  condition  which  seems  to  be  quite 
common  with  feebly  compressible  soils  with  a  low 
coefficient  of  permeability.  In  these  cases  the  shape  of 
the  entire  curve  may  considerably  differ  from  the  nor- 
mal shape  of  the  consolidation  curve,  as  shown  in 
Figure  11.  This  abnormity  seems  to  be  due  to  the 
finer  fraction  expanding  into  the  larger  voids  while 
consolidation  proceeds.  The  interpretation  of  the 
time-compression  curve  obtained  under  such  conditions 
leads  to  values  which  are  too  high  for  the  coefficients 
of  consolidation  and  of  j)crm(>ability. 
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Hoiice,  ill  order  to  detennine  tlie  coefficient  of  con- 
solidation two  different  procedures  should  be  followed, 
depending  on  the  character  of  the  consolidation  curve. 
If  n  is  equal  to  or  greater  than  approximately  0.80, 
and  if  in  addition  the  value  of  U  for  Ae  =  0.70  Ae,,  is 
greater  than  five  minutes,  the  coefficient  of  consolida- 
tion can  be  computed  from  the  consolidation  curve. 
Otherwise,  the  coefficient  should  be  determined  from 
the  results  furnished  by  the  modified  test  arrangement. 
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fia.  12. voli'mk  change  of  cotton  under  ordinaky 

and  caph-lary  pressure 

action  of  capijxary  pressure  on  i'orou.s  matkriai, 
investigatf;!) 

Thus  far,  we  have  merely  considered  the  volume 
change  of  the  soils  (compression  or  expansion)  produced 
by  a  change  of  the  external  ])ressure.  It  is  known, 
however,  that  fine-grained  soils  such  as  clays  and  loams 
may  change  their  volume  apparently  without  any 
external  pressure  acting  upon  them.  It  is  sufficient  to 
expos(>  them  to  the  air  to  make  them  shrink,  and  sub- 
sequent wetting  causes  them  to  expand  (swell).  Until 
a  short  tune  ago  it  was  generally  assumed  that  shrink- 
ing and  swelhng  were  due  to  somewhat  inexphcable 
properties  of  the  colloids  contained  in  fine-grained 
soils.  Recent  investigations,  however,  seem  to  show 
that  the  causes  of  shrinkage  and  swelhng  are  very 
much  snupler  and  that  they  reside  in  the  action  of  no 
other  forces  than  those  which  drive  the  water  up  in 
capillary  tubes  or  in  sunilar  narrow  channels.  In  order 
to  visualize  the  action  of  these  forces,  let  us  first  con- 
sider the  behavior  of  a  piece  of  cotton  or  of  a  verv 
fine-gramed  sponge,  subjected  to  an  external  pressure. 
Suppose  cotton  or  sponge  is  put  into  a  vessel  (fig  12, 
A)  with  rio  load  acting  on  top  of  it.  For  this  state 
the  material  occupies  a  certain  volume  Vo  regardless  of 
whether  it  is  dry  or  completely  immersed  in  water. 
Under  the  influence  of  a  pressure  of,  say,  1  kilogram 
per  square  centimeter  the  volume  goes  down  from  F,, 
to  Fi  (fig.  12,  B)  again  regardless  of  whether  the 
sample  is  dry  or  completely  immersed.  We  say  that 
we    have    compressed    the   material.     Finally,    if    the 


pressure  is  removed,  the  volume  goes  up  from  Vi  to 
V2,  smaller  than  Vq  (fig.  12,  C).  The  material  has 
expanded,  the  expansion  being  due  merely  to  the 
elasticity  of  the  substance.  Since  V2  is  smaller  than 
Fo,  we  say  the  material  is  imperfectly  elastic,  F2-F1 
representing  the  elastic  volume-change  and  F0-F2  the 
inelastic  or  permanent  volume-change  produced  by  the 
external  pressure. 

The  elastic  expansion  from  Vi  to  Fo  takes  place 
regardless  of  whether  the  material  is  dry  or  completely 
immersed;  i.  e.,  we  wUl  get  practically  the  same  result 
regardless  of  whether  the  test  is  performed  on  the  dry 
sample  or  on  the  same  sample  completely  saturated 
with  and  covered  by  water.  Yet,  if  prior  to  the  removal 
of  the  external  pressure,  all  the  water  standing  above 
the  surface  of  the  sample  is  drained  off  and  the  pressure 
is  removed  (fig.  12,  F),  then  the  material  fails  to 
expand.  Its  volume  remains  practically  unchanged. 
From  the  observation  made  during  the  first  stage  of 
the  test  (fig.  12,  A  to  C)  it  is  known  that  it  requires  a 
])ressure  of  1  kilogram  per  square  centimeter  to  keep 
the  material  confined  within  a  space  Fj.  As  far  as  the 
test  conditions  are  concerned,  the  only  difference  be- 
t-ween the  two  cases,  represented  by  J'igure  12,  C,  and 
F,  is  that  in  the  first  case  the  surface  of  the  sample  is 
completely  covered  with  water  while  in  the  second  the 
surface  of  the  sample  represents  a  boundary  between 
air  and  water.  Hence  one  is  compelled  to  assume  that 
the  force  which  replaced  the  external  pressure,  thus 
preventing  the  jnaterial  in  the  case  of  Figure  12,  F 
from  expanding,  resides  within  the  boundary  between 
sample,  air  and  water. 

It  remains  to  investigate  how  that  force  comes  into 
existence.  For  this  purpose  let  us  consider  a  vessel 
simply  filled  with  water.  If  a  steel  needle  with  a 
somewhat  greasy  surface  is  carefully  placed  on  the 
water  surface,  the  needle  floats  (fig.  13),  whereby  it 
produces  a  slight  depression.  Since  the  specific  gravity 
of  the  needle  is  very  much  greater  than  the  specific 
gravity  of  the  water,  this  phenomenon  would  not  be 
possible  unless  the  water  surface  behaved  like  a  thin 
rubber  skin  with  a  small,  but  nevertheless  very  definite 
tensile  strength.  This  tensile  strength  has  repeatedly 
been  measured.  It  amounts  to  75  dynes  (equal  to 
0.0764  gram)  per  centimeter.  This  value  is  known  as 
the  surface  tension  of  the  water. 

action  of  capillary  pressure  on  a  compressible  tube 

The  tensile  strength  of  the  top  layer  of  the  water  or 
tiie  surface  tension  of  the  water  comes  still  more  into 
I)rominence   if   the  lower  end   of   a   capiUary   tube   is 


Fig.   13. — Capillary    force    supporting    a    greasy 
needle  on   water  surface 

dipped  into  a  vessel  fiUed  with  water.  If  only  a  very 
short  piece  of  the  tube  sticks  out  of  the  water,  the 
water  at  once  shoots  up  to  the  upper  end  of  the  pipe 
and  stays  there.  It  is  obvious  that  the  water  could 
not  stay  there  unless  it  were  held  by  some  force,  equal 
to  the  weight  of  the  body  of  water  located  between 
the  surfaces  of  the  water  in  the  tube  and  in  the  vessel. 
This  force  is  nothing  but  the  tension  in  the  top  layer, 
acting  like  a  rubber  skin  and  tied  to  the  walls  of  the 
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tube  by  molecular  attraction.  At  a  constant  tempera- 
ture the  surface  tension  of  the  water  remains  always 
the  same  (0.0764  grani  per  centimeter).  Since  the 
circumference  of  the  tube  is  equal  to  2wr,  the  direction 
of  tlie  force  acts  at  an  angle  a  with  the  vertical  and  the 
specific  gravity  of  the  water  is  equal  to  one,  c(iiiiHl)riuiu 
requires  (fig.  14,  A) 

wr  hj  =  0.0704  X  2irr  cos  a 

If  the  tube  is  gradually  pidled  out  of  tJie  water,  tlie 
weight  of  the  water  to  be  carried  by  the  surface  tension 


- 

2^ 

- 

1 

^   ^ 

^ 

^ 

i 

>^ 

_ 

h 

^-_ 

i 

^^ 

^j 

' 

—  —  — 

—  - 



— 

-  — 

- 

— 

— 

~ 

A  B  C 

Ii'k;.     I  1. WaTK.K    in    CAlMI.I.AItV    TURKS 

increases.  The  surfjujo  tension  remains  the  same. 
Hence,  equilibrium  requires  the  value  of  the  angle  a  to 
decrease  until  finally  a  becomes  zero.  (Fig.  14,  B.) 
This  event  marks  the  maximum  height  to  which  the 
water  can  possibly  rise  within  the  tube.  Introducing 
y  =  h  and  a:  =  0  into  the  formula  we  obtnin 


,      0.0764X2 
or  //  -= ^ 


irr/i  -  0.0764  X  2 Trr 
0.152S 


W 


The  smaller  the  radius,  r,  of  the  capillary  tube  tlie 
greater  is  the  height,  h,  to  which  the  water  may  possibly 
rise.  If  the  tube  is  pulled  still  further  out  of  the  water 
after  the  height,  h,  is  reached  the  meniscus  (curved 
water  surface  within  the  tube)  remains  within  the  tube, 
at  a  constant  elevation,  h,  above  the  outside  water  level. 
(Fig.  14,  C.) 

In  order  to  connect  these  phenomena  with  Figure  12, 
let  us  consider  a  capillary  tube  made  out  of  a  very 
compressible  material,  such  as  rubber.  At  the  outset 
(fig.  15)  the  tube  is  supposed  to  be  completely  filled 
with  water  and  the  water  surfaces  at  both  ends  of  the 
tube  are  practically  flat.  If  the  water  evaporates,  the 
volume  occupied  by  the  water  becomes  smaller.  Yet 
the  same  force  which  drove  the  water  surface  up  in 
the  tubes  (fig.  14)  now  prevents  the  water  from  retiring 
into  the  interior  of  the  tubes.  (Fig.  15.)  Thus,  as  a 
result  of  the  evaporation  of  the  water,  the  surface 
tension  starts  to  act.  The  plane  water  surface  of 
Figure  15,  A,  passes  into  a  curved  one  (fig.  15,  B)  and 
the  axial  component  of  the  surface  tension  produces  an 
equal  pressure  in  the  wall  of  the  tube,  which  in  turn 
causes  the  compressibe  wall  of  the  tube  to  become 
shorter.  This  force  is  equal  to  0.0764  X  2 Trr  cos  a 
grams.  The  more  water  evaporates,  the  smaller  be- 
comes the  angle  a.  With  a  decreasing  angle  a  the 
compressive  force  increases,  until  finally,  for  a  =  0,  the 
force  becomes  a  maximum,  corresponding  to  a  maxi- 
mum shortening  of  the  tube.     If,  in  this  or  in  any 


preceding  state  of  the  evaporation  process  the  tube  is 
placed  under  water,  the  free  water  surface  disappears. 
With  the  disappearance  of  this  surface  the  force  acting 
on  the  tube  disappears,  and  as  a  consequence  the  tube 
expands,  its  length  increasing  again  from  I3  to  the 
original  value/,,  provided  the  tube  be  perfectly  elastic. 
If  the  tube  is  imperfectly  elastic,  the  expansion  is 
smaller  than  the  preceding  contraction. 

CAPILLARY  PRESSURE  ON  SOILS  CALCULATED 

The  pressure  exerted  by  the  surface  tension  uf  (he 
water  on  the  wall  of  the  tube  may  be  called  the  capillary 
pressure.  Capillary  pressure  fully  explains  the  behavior 
of  the  porous  sample  represented  in  Figure  12,  because 
it  is  nothing  but  a  system  of  compressible  capillary 
tubes  whose  upper  openings  are  located  within  the  top 
surface  of  the  sample.  By  draining  the  water  oft'  the 
surface  of  the  sample  (fig.  12,  F)  a  free  water  surface  is 
formed  within  the  top  surface  of  the  sample,  and  whereby 
the  pressure  of  1  kilogram  per  square  centimeter  is 
still  acting.  In  this  state  the  water  surface  is  still  a 
plane.  However,  the  very  moment  the  pressure  is 
removed  the  surface  tension  of  the  water  starts  to  act . 
The  surface  stretching  across  each  individual  opening 
becomes  a  curve,  the  angle  a  assuming  such  a  value 
that  the  total  force  exerted  by  the  capillary  pressure 
becomes  equal  to  the  pressure  which  has  been  removed, 
thus  keeping  the  volume  of  the  sample  unchanged  and 
equal  to  Fj.     (Fig.  12,  F.) 

The  replacement  of  the  external  i)ressure  by  an 
equal  capillary  pressure  obviously  requires  that  the 
maximum  value  of  the  capillary  pressure  be  equal  to  or 
greater  than  the  external  pressure  which  it  replaces. 
Hence  it  is  interesting  to  figure  out  how  great  the  force 
exerted  by  the  (capillary  pressure  may  be.  For  this 
purpose,  suppose  we  have  a  sample  whose  voids  have  an 
average  width  of  0.01  millimeter,  which  corresponds  to 
t  he  size  of  voids  of  a  very  coarse  silt.  Assuming  the 
voids  are  square,  every  ol^eningwould  have  a  perimeter  of 


Fig. 


15. — Shortening  of  compressible  tubes  due    ru 

CAPILLARY    FORCE 


0.04  milluneter  =  0.004  centimeter,  and  the  forces  acting 
on  the  rim  of  every  opening  will  be  equal  to 

0.004X0.0764  =  0.000306  grams 

This  is  the  force  acting  on  the  area  of  one  opening,  and 
as  the  water  extends  continuously  throughout  the  whole 
specimen  a  force  of  the  same  intensity  acts  over  the 
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entire  surfaco  iTgar(]l(>ss  of  Ihe  aclual  luunhor  of  open- 
ings per  unit  of  area.  Tiie  force  per  square  centimeter 
of  surface  is  therefoiv  the  force  per  opening  multiplied 
by  the  number  of  oix'iiings  jxm-  square  centimeter, 
assuming  th(>  siirfac(>  lo  t)c  completely  covered  by  such 
openings  or 

.,    --=)()()  !j;rams  ix-r  s(|iiare  c(Milimeler 

In  algebraic  terms,  (he  compulation  would  i)e  as 
follows:  If  Ihe  voids  of  a  powder  are  assumed  to  be 
s(piare,  (he  average  Iciigtli  of  the  sides  of  the  square 
being  etpial  (o  "  in  cen(imeters,  the  surface  tension 
acting  on  tli(>  rim  of  each  scpiarc"  is  equal  to 

\<i     ().()7()l  -  ().:'.()(»/  grains 

The  area  of  each  ojiciiing  is  ccpial  to  r/-.  Hence  (he 
ma.ximum  value  of  the  capillai-y  |)ressure  will  be  e(|ual  to 

0.3n6f/     0.3()()                                            ,•       ,  ... 
.,      =             iri'ams  |)er  scniare  ceni  uueter (4  ) 

son,  SHRINKAGE  PHE  T(»  (  APIM.ARY   PRESSURE 

From  the  preceding  it  is  obvious  that  shrinkage  is 
nothing  more  than  compression  produced  by  a  gradual 
increase  of  the  intensify  of  the  capillary  pressure,  com- 
parable (o  the  shrinkage  of  the  compressible  lube  of 
Figui-e  IT).  Swelling  represents  elastic  expansion  of 
the  material  caused  by  reducing  the  capillary  pressiii'e 
to  zero.  Considering  in  addition  the  fact  expressed  by 
equation  4,  the  relation  which  exists  between  com- 
pressibility, grain  size,  and  volume  change  due  to 
shrinkage  can  easily  be  deduced.  For  this  purpose  let 
us  consider  a  powder  or  a  soil  with  the  compressibility 
of  sample  No.  1606  of  Figure  1,  B.  According  to  this 
figure,  such  a  soil  is  approximately  as  compressible  and 
as  elastic  as  a  coarse-grained  mixture  of  20  per  cent 
mica  and  80  per  cent  sand,  liecause  compressibility 
and  elasticity  have  nothing  to  do  with  grain  size. 

But  now,  let  us  take  two  members  of  this  class, 
one  with  an  average  width  of  voids  of  0.1  mm.  and 
the  other  with  a  width  of  voids  of  0.001  mm.,  mix 
them  with  water,  so  that  th(>  water  content  approxi- 
mately corresponds  to  the  liquid  limit,  and  then  let 
the  water  evaporate.  As  soon  as  the  water  starts  to 
evaporate,  the  surface  tension  of  the  water  comes  into 
effect,  and  in  both  materials  the  capillary  pressure  will 
increase,  until  it  reaches  its  maximum  value.  Accord- 
ing to  equation  4,  the  maximum  value  of  the  capillary 
pressure  will,  for  the  coarse-grained  soil,   be  equal  to 


ratio  of  the  finer  one  would  decrease  to  0.87,  coi'respond- 

...  ,.   1.56-0.87     ^_  ,      ,.    ,, 

mg  to  a  shrinkage  ol    — T^rT- —  =  27  per  cent  ol    Ihe 

original  volume.  Hence,  it  is  clear  that  foi'  materials 
w  ith  e(pial  compressibility,  the  shrinkage  increases  with 
decreasing  grain  size.     Th(>  shrinkage  of  the  soil  shown 

•      ,.•  \,  ,■         1-1  I    .      1.56-0.53 

m   iMgiire  1,  (    was  loimd  to   he   equal    to       Qn^Yv — "" 

10.2  p(M-  c(Mit.  (0.53  ('(pials  shrinkage  limit  expressed 
by  voids  I'atio),  which  indicates  that  the  voids  of  this 
material  were  considerably  narrower  than  0.001  mm. 

On  the  other  liand,  for  materials  with  difl'erent  com- 
pressibility but  with  (>(|ual  grain  size,  the  maxiinuni 
values  of  (he  capillary  lu-essure  will  be  e(]nal,  but  the 
shrinkage  will  be  different.  Suppose  we  have  two 
soils,  one  of  the  type  of  sample  No.  1606  of  Figure  1,  B 
and  one  of  th<>  friable  type  like  sam])le  No.  1611  of 
Figure  I  ,  11.  If  the  width  of  (he  voids  of  both  materials 
is  ecpial  to  0.00]  mm.  the  maximum  value  of  the 
capillary  ])ressure  will  be  ecpial  to  3,060  grams  per 
s(|.    cm.     Yet,    Ihe    volume   shrinkage   of    the   soil    of 

I-  ,     u  Ml  1  .      1-56-0.87     ...  . 

figure  1,  l>  would  he  ecpial  to  — „  nora — ""•^^  P^^'  ''^'it 


against       -ttt. 


0.0256 
8.68    per   cent   for 


the 


son 


of 


0.306 
0.01  ' 


30. ()  grams  per  s(|.  cm. 


while  f(»i'  the  (ine-graiiUMl  one,  it  will  be  as  high  as 

0.306 

0  0001  ^'^'^'*"  grams  per  sq.  cm. 

To  (iiid  the  volume  change  produced  by  these 
capillary  pressures,  it  is  necessary  to  consult  Figure  1. 
If  both  materials  are  assumed  to  have  precisely  (he 
same  compression  curve  as  sample  No.  1606,  their 
initial  voids  latio  would  be  1.56.  Under  the  influence 
of  the  capillary  ])ressure,  the  voids  ratio  of  the  coarse- 
grained   material   would    decrease    from    1.56   down    to 

I  ^Q  —  I  4,;^ 
1.45,  correspondhig  to  a  volume  change  of  -  „  ^-^-^  "      = 

0.0256 
4.3  per  cent  of  the  original   volume,  while  the  voids 


0.626-0.485 
0.01626 

Figure*  1,11. 

The  swelling  caused  by  immersing  a  stiH",  plastic  or 
dry  piece  of  soil  is  determined  by  the  shape  of  the 
swelling  curves  in  Figure  1.  The  steeper  these  curves, 
the  more  intense  is  the  volume  change  associated  with 
wetting.  Hence  the  shape  of  the  swelling  curve  serves 
as  an  index  of  the  intensity  of  the  swelling  of  the 
material. 

The  action  of  the  surface  tension  of  the  water  being 
explained,  there  remain  only  two  phenomena  associated 
with  the  shrinking  and  the  swelling  of  Hne-grained 
soils  which  can  not  be  traced  back  to  simple  capillarity, 
and  which  required  elaborate  investigations  before  their 
nature  was  understood.  These  two  phenomena  are 
the  behavior  of  fine-grained  soils  upon  drying  to  a 
water  content  beyond  the  shrinkage  limit,  and  the 
fact  that  certain  fine-grained  soils  retain  part  of  their 
cohesion,  if  they  are  immersed  after  having  previsouly 
been  compacted  by  external  or  by  capillary  pressure. 

"SOLIDIFIED"   WATER  BINDS  FINE-GRAINED  SOILS 

If  in  Figure  15,  C,  the  water  continues  to  evaporate, 
the  meniscus  retires  into  the  interior  of  the  tube,  the 
column  of  water  becomes  shorter  and  shorter,  and 
linally,  after  the  water  has  completely  disappeared, 
the  tube  has  expanded  just  as  completely  as  if  it  had 
been  immersed.  If  we  pass  from  the  tube  to  the 
powder,  one  would  expect  that  complete  evaporation 
would  cause  the  powder  to  expand,  and  at  the  same 
time  to  lose  its  cohesion.  As  a  matter  of  fact,  if  a 
very  fine-grained  sand,  having  originally  some  cohesion 
caused  by  the  presence  of  water  in  the  voids,  is  dried, 
it  becomes  again  perfectly  cohesionless.  In  contrast 
to  this,  the  cohesion  of  very  (ine-grained  soils  increases 
upon  drying,  instead  of  disappearing.  The  cause  of 
this  phenomenon  was  found  to  reside  in  the  fact  that 
water  contained  in  very  narrow  fissures  (smaller  than 
one  ten-thousandth  of  a  millimeter)  has  no  longer  the 
physical  properties  of  normal  water.  It  has  a  higher 
viscosity,  a  greater  surface  tension,  and,  what  seems 
to  be  most  important  of  all,  it  does  not  evaporate  even 
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if  it  is  heated  to  the  boiling  point  of  normal  water.^ 
Within  such  openings  the  water  is  in  what  may  be 
called  a  solidified  state.  In  very  fine-grained  soils  a 
considerable  percentage  of  the  capillary  water  is  con- 
fined to  openings  smaller  than  the  size  mentioned 
above.  Hence,  when  drying  the  soil  at  100°  C,  the 
"solidified"  part  of  the  water  remains  and  acts  simi- 
larly to  a  cement,  binding  the  grains  together. 

The  capacity  of  certain  fine-grained  soils  to  retain 
part  of  their  cohesion  after  immersion  in  water  is  due 
to  actual  cohesion  between  the  soil  particles.  It  has 
been  found  that  any  two  bodies,  if  brought  into  contact, 
stick  to  each  other.*  The  force  with  which  the  bodies 
adhere  is  so  small  that  under  ordinary  circumstances 
it  can  not  be  measured.  It  is  even  less  possible 
actually  to  observe  it.  However,  if  the  number  of 
particles  which  touch  each  other  is  very  great,  then 
the  adhesion  acting  at  every  point  of  contact  becomes 
evident.  Suppose  the  adhesion  per  point  of  contact 
to  be  equal  to  0.0001  gram.  If  two  pieces  of  gravel 
adhere  to  each  other  with  that  force  the  presence  of 
the  force  would  obviously  escape  our  attention.  But 
if  we  have  an  accumulation  of  soil  particles  with  an 
average  diameter  of  0.01  millimeter  (size  of  coarse  silt 
particles),  each  one  of  them  adhering  to  its  neighbors 
with  a  force  of  0.0001  gram,  the  shearing  strength  of 
the  accumulation  would  be  equal  to  1,000^X0.0001  = 
100  grams  per  sq.  cm.  =  0.1  kg.  per  sq.  cm.,  a  shearing 
strength  wiiich  involves  quite  a  considerable  com- 
pressive strength. 

CONSISTENCY  OF  SOILS  IN  DRY  AND  SATURATED  STATE  TO  BE 
DETERMINED 

If  a  fine-grained  soil  whose  original  water  content 
was'  equal  to  or  somewhat  above  the  liquid  limit  dries 
out  it  passes  in  succession  from  the  liquid  through 
the  plastic  and  the  semisolid  states  into  the  solid 
state. ^  During  this  process  the  material  becomes 
stiffer  and  stift'er,  owing  to  the  gradual  increase  of  the 
intensity  of  the  capillary  pressure.  We  say  the  mate- 
rial becomes  more  and  more  consistent,  wherein  the 
term  "consistency"  indicates  the  resistance  of  the 
material  to  flow.  Methods  for  determining  the  con- 
sistency have  been  discussed  in  a  preceding  paper.® 
There  remains  to  consider  the  states  for  which  the 
consistency  of  soils  should  be  determined  for  the 
purpose  of  soil  classification. 

The  extreme  states  between  which  the  consistency  of 
a  subsoil  may  vary  are  the  dry  state  and  the  state  of 
utmost  saturation  owing  to  immersion  of  the  soil  after 
a  period  of  drought.  The  consistency  of  the  soil  in 
the  second  state  seems  to  have  an  important  bearing 
on  both  the  bearing  capacity  of  the  soil  after  continued 
rainfalls  and  on  the  slaking  properties  of  the  soil. 
Hence,  it  w^as  decided  to  include  in  the  program  for 
final  soil  tests  a  compression  test  on  an  unconfined, 
cylindrical  sample  of  the  dried  soil  and  a  consistency 
test  on  a  soil  sample  which  has  completely  expanded, 
under  no  pressure,  after  it  has  been  previously  com- 
pressed under  a  pressure  of  approximately  3.1  kilo- 
grams per  square  centimeter.  In  order  to  obtain  fur- 
ther information  concerning  the  effect  of  the  type  of 
soil  on  the  consistency  in  different  states,  some  con- 
sistency tests  are  to  be  made  on  soil  samples  which  have 
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been  compressed  under  a  pressure  of  approximately  3.1 
kilograms  per  square  centimeter,  without  being  allowed 
to  expand  prior  to  the  test.  The  consistency  tests  are 
simply  compression  tests  performed  under  standard- 
ized conditions  on  cylindrical,  unconfined  samples  with 
a  diameter  of  1  inch. 

It  is  obvious  that  any  change  in  water  content  of  a 
soil  located  at  or  near  the  surface  of  the  ground  causes 
the  soil  to  crack.  When  the  soil  samples  are  prepared 
for  consistency  tests,  the  samples  have  no  chance  to 
crack.  Hence  the  results  of  the  consistency  tests  fur- 
nish information  only  on  the  consistency  of  the  indi- 
vidual pieces,  which,  in  their  totality,  would  form  an 
"undisturbed"  subgrade.  Yet,  for  the  purpose  of  soil 
classification,  such  information  can  be  considered 
sufficient. 


CONCLUSIONS 


The  data  on  which  it  is  proposed  that  the  final  soil 
classifications  be  based,  give  information  about  the 
following  properties  of  the  subgrade : 

1.  The  volume  change  produced  by  a  change  of  the 
external  pressure  (load)  which  acts  on  the  soil  (com- 
pressibility and  elasticity  of  the  soil,  represented  by 
compression  and  swelling  curves  of  the  type  of  Figure  1). 

2.  The  speed  with  which  the  volume  change  follows 
a  change  of  the  pressure  (coefficient  of  consolidation, 
derived  from  the  results  of  the  time  observations  by 
me:^ns  of  equation  2). 

3.  The  permeability  of  the  soil  (coefficient  of  per- 
meability, computed  from  the  coefficient  of  consolida- 
tion or,  for  more  permeable  soils,  directly  obtained  by 
means  of  a  permeability  test,  performed  under  standard 
conditions). 

4.  Volume  change  due  to  drying  and  wetting,  under 
standard  conditions  (obtained  from  the  shrinkage  limit 
and  from  pressure — voids-ratio  diagrams  of  the  type  of 
Figure  1). 

5.  Consistency  of  thd  soil  in  two  extreme  states. 
The  technic  of  the  tests  required  for  obtaining  the 

aforementioned  data  will  be  described  in  another  paper. 
All  this  data  has  a  simple  and  well-defined  bearing  on 
the  behavior  of  the  subgrade  under  load  and  under 
variable  atmospheric  conditions. 

The  investigations  concerning  the  colloidal  character 
of  soil  constituents,  dye  adsorption,  base  exchange, 
etc.,  fall  in  the  same  class  as  the  recent  investigations 
concerning  the  effect  of  the  carbon  content,  and  of 
various  alloys  on  the  strength  of  steel,  or  analyses  of 
the  physical  and  chemical  action  in  cement  during  the 
process  of  setting,  or  similar  intricate  physicochemical 
problems  relating  to  construction  materials.  There  is 
no  question  of  the  value  of  the  ultimate  results  of  such 
investigations.  Yet  in  the  classification  of  construc- 
tion materials  for  engineering  purposes  it  is  very 
doubtful  whether  anything  more  efficient  than  the 
present  system,  based  upon  the  behavior  of  the  mate- 
rials under  stress,  will  ever  be  obtained. 

If  a  road  surface  cracks  because  of  subsurface  con- 
ditions, or  if  a  foundation  settles,  it  is  due  exclusively 
to  a  strain  in  the  subgrade,  produced  by  a  change  of 
the  intensity  and  distribution  of  the  pressure  which 
acts  in  the  subgrade.  Hence,  there  is  no  reason  to 
base  the  final  system  of  soil  classification  on  anything 
except  on  the  behavior  of  the  soil  under  various  con- 
ditions of  stress  and  of  confinement.  Since  the  data 
required  for  classifying  the  soils  are  obtained  from 
actual  measurements,  performed  under  standardized 
conditions,  the  principles  of  the  system  will  continue  to 
be  valid  regardless  of  the  ultimate  outcome  of  physical 
and  chemical  investigation  of  soils. 


ANALYSIS  OF  STRESSES  IN  CONCRETE  ROADS  CAUSED 
BY  VARIATIONS  OF  TEMPERATURE 

By  H.  M.  WESTERGAARD,  Associate  Professor  of  Theoretical  and  Applied  Mechanics,  University  of  Illinois 

Two  major  cases  will  be  investigated.  The  first 
arises  from  a  consideration  of  the  slow  seasonal  changes 
of  temperature;  the  second  from  a  consideration  of 
quick  changes  of  temperature,  occurring,  for  example, 
by  the  change  from  a  cool  night  to  a  hot  day,  and  vice 
versa.  In  the  first  case  the  final  temperature  is 
assumed  to  be  uniform  throughout  the  thickness  of  the 
pavement.  The  second  case  is  dealt  with  by  assuming 
a  definite  temperature  gradient  through  the  thickness 
of  the  pavement  with  the  temperature  unchanged  at 
the  middle  plane.  The  stresses  in  this  case  are  depend- 
ent upon  the  manner  in  which  the  slab  deflects  or  curls. 
Obviously,  the  stresses  found  in  these  two  major  cases 
may  have  to  be  combined  by  addition  or  subtraction. 


THIS  PAPER  supplements  a  previous  paper  by  the 
writer,  published  in  Public  Roads,  April,  1926, 
under  the  title  "Stresses  in  concrete  pavements 
computed  by  theoretical  anlaysis,"  and  in  the  Proceed- 
ings of  the  Fifth  Annual  Meeting  of  the  Highway 
Research  Board,  held  at  Washington,  D.  C,  December 
3-4,  1925,  Part  I,  1926,  pp.  90-118,  under  the  title 
"Computation  of  stresses  in  concrete  roads."  Like 
the  previous  paper,  it  rests  upon  the  assumption  that 
the  concrete  pavement  acts  as  a  homogeneous  elastic 
solid,  and,  as  in  the  former  analysis,  the  method  is 
that  of  the  theory  of  elasticity,  conclusions  being 
drawn  from  a  few  simple  physical  laws  by  mathe- 
matical analysis.  In  regard  to  the  general  assump- 
tions and  concepts  the  reader  is  referred  to  the  pre- 
vious paper,  which  dealt  with  stresses  and  deflections 
produced  by  wheel  loads.  The  present  discussion 
deals  with  stresses  and  deflections  produced  by  varia- 
tions of  temperature.  The  former  paper,  on  account 
of  the  complexity  of  the  mathematical  processes  in- 
volved, was  limited  to  a  statement  of  the  assumptions 
and  general  principles  and  to  the  presentation  of  the 
results  with  illustration  of  how  to  use  them.  .Since  the 
mathematical  processes  involved  in  the  present  paper 
are  much  simpler,  it  was  considered  to  be  expedient 
not  to  omit  them.  Results  are  given  in  tables  and 
diagrams,  and  the  use  of  the  results  is  illustrated  by 
numerical  examples. 

The  fact  that  cracks  sometimes  develop  in  a  new 
pavement  before  any  load  is  put  on  it  shows  the  im- 
portance of  the  stresses  which  ordinarily  are  considered 
to  be  secondary — stresses  caused  by  changes  of  tem- 
perature, by  setting  of  the  concrete,  and  by  changes  of 
moisture  content.  In  a  piece  of  concrete  free  to  expand 
and  contract  the  setting  will  produce  a  shrinkage  equal 
to  that  caused  by  a  certain  drop  in  temperature,  and 
the  absorption  of  moisture  will  produce  a  swelling  equal 
to  that  produced  by  a  certain  rise  in  temperature.  In 
each  case  the  essential  feature  is  a  tendency  to  change 
of  volume.  Thus,  the  study  of  stresses  due  to  varia- 
tions of  temperature  will  supply  information  also  about 
the  other  secondary  stresses.  With  this  condition  in 
view,  the  discussion  is  limited  to  the  case  of  variations 
of  temperature. 

The  stresses  caused  by  variations  of  temperature 
should  be  considered  from  two  points  of  view.  One 
has  reference  to  the  early  life  of  the  pavement,  before 
the  pavement  has  obtained  its  full  strength  and  before 
it  has  been  opened  to  traflSc.  The  other  has  reference 
to  the  later  life,  after  the  pavement  has  gained  strength 
and  after  it  has  been  opened  to  traffic.  According  to 
the  first  point  of  view,  the  stresses  caused  by  variations 
of  temperature  are  considered  as  an  independent  cause 
of  cracks  and  are  treated  by  themselves.  According  to 
the  other  point  of  view,  the  temperatui-e  stresses  are  to 
be  combined  with  the  stresses  caused  by  the  loads. 
This  combination,  in  most  cases,  is  a  simple  matter  of 
addition. 

Whatever  particular  effect  is  studied,  three  places  on 
the  panel  of  pavement  should  be  examined — the  cor- 
ners, the  interior  area,  and  the  edges. 

54 


STRESSES  CAUSED  BY  UNIFORM  DECREASE  OF  TEMPERATURE 

Let  it  be  assumed  that  the  temperature  has  decreased 
the  same  amount  all  through  the  depth  of  the  pave- 
ment.    What,  then,  is  the  effect  upon  the  pavement? 

In  order  to  explain  the  analysis  which  follows  it 
will  be  desirable  to  describe  in  general  terms  the 
behavior  of  the  panel  or  slab  of  concrete  when  its 
temperature  decreases  uniformly.  The  immediate 
result  is  that  there  is  a  tendency  for  the  slab  to  contract 
both  longitudinally  and  transvei-sely.  The  contraction 
is  resisted  by  friction  between  the  slab  and  the  subgrade 
and  as  a  result  tensile  stresses,  both  longitudinal  and 
transveree,  are  set  up  in  the  concrete.  These  stresses 
tend  to  elongate  the  slab  in  the  two  directions  in  which 
they  act  and  to  shorten  it  in  the  direction  at  right 
angles  to  their  line  of  action.  The  longitudinal  tensile 
stress  induces  a  longitudinal  elongation  and  a  transverse 
shortening.  This  transverse  shortening  bears  to  the 
longitudinal  elongation  the  relation  defined  by  Poisson's 
ratio,  jx.  The  transverse  tensile  stress  induces  a  trans- 
verse elongation  and  a  longitudinal  shortening.  The 
ratio  of  this  shortening,  per  unit  of  length,  to  the  elonga- 
tion, per  unit  of  length,  is  Poisson's  ratio,  n. 

Consider,  then,  the  action  which  takes  place  in  the 
longitudinal  direction :  The  slab  contracts  as  a  result  of 
the  decreased  temperature;  the  contraction  is  resistetl 
by  the  friction  offered  by  the  subgrade,  and  the  longi- 
tudinal tensile  stress  thus  set  up  causes  an  elongation 
which  diminishes  the  amount  of  contraction  that  would 
otherwise  occur;  but  the  transverse  tensile  stress,  which 
is  set  up  fn  the  same  way  by  friction  in  the  transverse 
direction,  again  increases  the  longitudinal  contraction;  so 
that  the  net  result  is  a  combination  of  three  tendencies. 

The  elongations  per  unit  of  length  resulting  are 
expressed  by  the  following  equations: 


1 


1 


*r=^(o'z  — MO-i/)  — €/^         fu=-pi'^y~  l^<^x)  —  ftt (1) 

in   which  .r,  ?y  =  horizontal  rectangular  coordinates 

(Ti,  o-i,  =  normal  tensile  stresses  in  the  directions  of  .r  or  ij, 

respectively' , 
fj,  «v==  elongations  per  unit  of  length  in  the  directions  of 
X  or  y,  respectively, 
.E  =  modulus  of  elasticity  of  concrete, 
M  =  Poisson's  ratio  for  the  concrete, 
((  =  coefficient  of  temperature  expansion, 
<  =  decrease  of  temperature. 


May,  1927 


PUBLIC    ROADS 


55 


At  a  corner  of  an  unloaded  panel  of  pavement, 
obviously,  there  can  he  no  stresses  o-^.  and  Oy.  At  a 
small  distance  from  the  corner,  stresses  may  develop  if 
the  friction  offered  by  the  subgrade  is  considerable. 
In  that  case  the  loads  are  the  least  likely  to  produce  a 
corner  break,  because  the  existence  of  considerable 
subgrade  friction  would  imply  a  strong  subgrade  sup- 
port. The  uniform  drop  of  temperature,  therefore,  is 
not  likely  to  be  important  as  a  contributory  cause  of  a 
corner  break. 

Consider  next  the  central  area  of  a  large  panel. 
Assume  that  the  friction  is  sufficient  to  prevent  the 
slab  from  contracting  in  either  direction,  i.  e.,  to  make 
€i  =  0  and  ej,  =  0.  Then  by  solving  the  two  equations 
1,  one  finds 

i    \x 

Consider  finally  an  edge  of  the  panel,  parallel  to  the 
axis  of  X.  Consider  a  point  of  this  edge  at  an  appreci- 
able distance  from  any  corner,  and  assume  the  friction 
to  be  sufficient  to  make  ej.  =  0.  Obviously  there  can 
be  no  stress  perpendicular  to  the  edge  at  the  edge. 
With  <rj^  =  0  one  finds  by  equations  1,  at  the  edge, 


<yx  =  E^t. 


(3) 


The  stresses  given  by  equations  2  and  3  may  have 
to  be  added  to  those  caused  by  the  loads.' 


/y 


/I 


Assume  a  uniform  temperature  gradient  through  the 
thickness,  /i,  of  the  slab.  Assume  that  the  reactions  of 
the  subgrade  are  vertical  only,  and  equal  to  liz  per 
unit  of  area,  where  z  is  the  deflection  (positive  down- 
ward) and  Ic  is  a  constant  "modulus  of  subgrade 
reaction."^ 

Under  the  assumed  temperature  condition — i.  e., 
the  temperature  lower  at  the  top  than  at  the  bottom — • 
the  slab  will  tend  to  curl  upward  at  the  edge,  and  its 
state  of  flexure  may  be  resolved  into  three  component 
parts  as  follows:  Bending  in  the  x-direction  (fig.  1,  A), 
bending  in  the  y-direction  (fig.  1,  B),  and  torsion  or 
twisting  in  the  xy-directions  (fig.  1,  C).  The  amounts 
of  the  deformations  are  measured  in  Figures  1,  A  and 


B,   by   the   curvatures- 


5^2 


and 


d^ 
hf 


(as   in    beams), 


and  in  Figure  1,  C,  by  the  rate  of  change  of  slope;  that 
is   b    --^. 

If  now,  we  denote  by  Mj.  and  My  the  bending 
moments  in  the  directions  of  x  and  y,  respectively,  per 
unit  of  width  of  cross  section,  and  by  M^  the  twisting 
moment  in  the  directions  of  x  and  y  per  unit  of  width 
of  cross  section,'*  then  the  curvatures  of  the  elastic 
surface  (the  bent  middle  plane)  in  the  directions  of 
X  and  y,  respectively,  will  be: 


A  ^  B 

Fig.   1. — Deform.vtions  of  element  of  sl.\b 

In  a  numerical  example  assume  .S'  =  3,000,000  pounds 
per  square  inch,  ^t  =  0.15,  €,  =  0.0000060  per  degree 
Fahrenheit,  and  <  =  50°  F.  Then  equations  2  and  3 
give  crj.  =  cry  =  1,059  pounds  per  square  inch  in  the 
central  area,  and  cr^  =  900  pounds  per  square  inch  at 
the  edge.  One  may  note  that  a  shrinkage  of  0.0003 
inch  per  inch,  an  entirely  possible  value,  would  pro- 
duce the  same  stresses,  w^hich,  it  will  be  noted,  are 
those  that  would  be  developed  if  the  concrete  were 
capable  of  withstanding  without  shrinkage  or  crack- 
ing a  drop  in  temperature  of  50°  F. 

The  possibility  exists  both  in  the  case  of  low  tem- 
perature in  the  cold  season  and  in  the  case  of  shrink- 
age that  a  plastic  flow  of  the  concrete  ma,v  relieve 
these  stresses  appreciably.  Otherwise  the  large  stresses 
computed  can  be  relieved  only  by  the  presence  of 
joints  or  the  forming  of  cracks,  combined  with  a 
sufficient  amount  of  sliding  of  the  pavement  on  the 
subgrade.^ 

CURLING  STRESSES  .\ND  DEFLECTIONS 

Assume  next  that  the  temperature  remains  normal  at 
the  middle  plane  of  the  pavement,  but  is  t  degrees 
lower  at  the  top  of  the  pavement  than  at  the  bottom. 

1  Westergaard,  H.  M.  stresses  in  concrete  pavements  computed  bt  theo- 
retical ANALYSIS.  Public  Roads,  April,  1926  [or  computation  of  stresses  in 
concrete  roads.  Proceedings  of  the  fifth  annual  meeting  of  the  Highway  Research 
Board,  December  3-4,  1925,  Pt.  I,  p.  90,  1926].  Tables  3  and  4  in  this  paper  contain 
values  of  the  stresses  produced  by  a  wheel  load  of  10,000  pounds  in  the  central  area 
and  at  the  edge,  respectively. 

'  For  a  discussion  of  the  spacing  of  joints  required  to  prevent  cracking,  see  Gold- 
beck,  A.  T.,  THE  interrelation  OF  LONGITUDINAL  STEEL  AND  TRANSVERSE  CRACKS 
IN  concrete  ROADS.      PUBLIC  ROADS,  Vol.  6,  No.  fi,  AugUSt,  1925. 


d^_  12 
l:>x''EW' 

and  the  twist  in  the  directions  of  x  and  y  will  be: 


,iM,-I.My)+f.. 


(4) 


dxdy 


12(1  +  m) 
E¥ 


M. 


(5) 


The  thickness,  h,  and  the  difference  of  temperature, 
t,  will  be  assumed  from  here  on  to  be  the  same  at  all 
points  of  the  slab. 

Center  stress  of  a  broad  and  long  slab. — Consider 
first  the  central  area  of  a  long  and  broad  unloaded 
panel.  At  a  sufficient  distance  from  the  edges  the 
deflections,  z,  must  be  zero,  i.  e.,  the  curvatures  of  the 
slab  must  be  zero.  Then  the  equations  just  stated 
give 

^^■=^^^=-12(W0' 


i/.  =  0. 


(6) 


The  corresponding  tensile  stress  at  the  top  is  found 
by  dividing  —  Ifj  by  the  section  modulus  per  unit  of 

T  2 

width,  „  ;  and  this  tensile  stress,  which  is  the  same  in 
b 

all  horizontal  directions,  is 


E^tt 


2(1-m) 


(7) 


By  substitution,  then,  with  £'=3,000,000  pounds 
per  square  inch,  m  =  0.15,  and  6^  =  0.0000060  per  degree 
Fahrenheit,   as  before,   and  t=lO°  F.,   one  finds   the 


'  A.  discussion  of  the  assumptions  involved  here,  especially  in  regard  to  the  reactions 
of  tiie  subgrade  may  be  found  in  the  paper  entitled,  "  Stresses  in  concrete  pavements 
computed  by  theoretical  analysis,"  PUBLIC  ROADS,  April,  1926. 

<  Concerning  the  character  and  action  of  these  moments,  see  Westergaard,  H.  M., 
and  .Slater  W  A  moments  and  stresses  in  slabs.  Proc.  Am.  Concrete 
Inst.  V.  17,  1921,  p.  415.  especially,  p.  424,  or,  Nat.  Research  Council,  Reprint  and 
Circular  Series,  No.  32,  especially  p.  10. 
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stress  at  the  top  to  be  o-o=106  pounds  per  square 
inch. 

This,  it  may  be  well  to  repeat,  is  the  stress  which 
would  be  caused  by  a  difference  of  temperature  of  10° 
in  the  central  area  of  a  broad  and  long  slab,  where,  by 
reason  of  the  distance  from  the  edge,  there  is  no 
deflection. 

With  t=  -10°  F.,  that  is,  with  the  temperature  10° 
higher  at  the  top  than  at  the  bottom,  the  same  tensile 
stress  will  be  found  at  the  bottom  of  the  pavement, 
and,  in  this  case,  may  have  to  be  added  to  the  stress 
produced  by  wheel  loads. ^ 

Deflection  and  stress  at  points  near  the  edge  of  a  hroad 
and  long  slab. — Consider  next  a  slab  which  has  an  edge 
along  the  axis  of  x,  and  which  extends  infinitely  far  in 
the  directions  of  positive  and  negative  x  and  positive 
y.  With  the  difference  of  temperature  between  top 
and  bottom  the  same  all  over  the  slab,  the  deflection, 
2,  is  a  function  of  y  only,  independent  of  x. 

One  finds,  then,  by  eliminating  M^  in  equations  4 : 


Table  1. — Values  of  the  radius  of  relatives  stifness,  I,  for  dif- 
ferent values  of  the  slab  thickness,  h,  and  of  the  modulus  of  sub- 
grade  reaction,  k,  computed  from  equation  1 1 


_      Eh?       { _dh^  (1+_mW' 


df 


h 


(8) 


The  reactions  of  the  subgrade,  Jcz,  are  the  only  ex- 
ternal forces  to  be  taken  into  consideration.  The  ex- 
pression Jcz  may  be  applied  when  z  is  negative  (upward) 
provided  that  there  is  still  contact  between  the  slab 
and  the  subgrade.  This  contact  may  be  maintained 
by  the  weight  of  the  pavement  or  by  this  weight  in 
conjunction  with  loads  the  effects  of  which  are  to  be 
added  afterwards  to  the  effects  of  the  variation  of 
temperature. 

The  equilibrium  of  any  small  element  of  the  slab 
requires,  accordingly. 


2    —KZ, 


df 

By  substituting  Mf,  from  equation  8  one  finds: 
E¥       d'z 


(9) 


i  +  Jcz  =  0. 


(10) 


12  (1-M^)  dy 

Here,  as  in  other  investigations  of  slabs  on  elastic 
subgrade,  it  is  expedient  to  introduce  the  linear  dis- 
tance. 


I 


V 


E¥ 


12(l-M')fc" 


(11) 


which  is  called  the  "radius  of  relative  stiffness."  This 
distance  is  a  measure  of  the  stiffness  of  the  slab  rela- 
tive to  the  stiffness  of  the  subgrade.  Table  1  gives 
values  of  the  radius  of  relative  stiffness  for  different 
values  of  h  and  Jc.^ 

•  See  Table  3  in  the  paper,  "  Stresses  in  concrete  pavements  computed  by  theoretical 
analysis." 

«  Table  1  is  the  same  as  Table  1  in  the  paper,  "  Stresses  in  concrete  pavements  com- 
puted by  theoretical  analy.sis." 


[£=3,000,000  pounds  per  square  inch,  fi=0.15] 


Thickness  of  slab 
in  inches  ft 

Radius  of  relative  stiffness,  I,  in  inches 

)l:=501b./in.3 

i=1001b./in.3 

fc=200  lb./in.3 

4_ 

23.91 
28.28 
32.40 
36.40 
40.23 
43.94 
47.55 
51.08 
54.52 

20.11 
23.78 
27.26 
30.60 
33.83 
36.95 
40.00 
42.94 
45.84 

16.92 
20.00 
22.92 
25.73 
28.44 
31.07 
33.62 
36.11 
38.56 

5                   

6 

7 

8 

9 

10 

11 

12 

With  I  introduced,  equation  (10)  becomes: 


(12) 


dz 


r  In  the  present  case  the  functions  z  and  -p  must  con- 
verge toward  zero  when  y  increases  indefinitely. 
Furthermore,  at  the  edge,  y  =  0,  the  bending  moment, 

My,  and  the  vertical  shear,     ,  - >   must   also  be  zero. 

The  following  solution  is  correct  because  it  satisfies 
these  end  conditions  as  well  as  equation  12: 


2=-W2cos(^-^ 


+ 


i)' 


l^/2 


(13) 


where  e  is  the  base  of  the  Naperian  system  of  logarithm^ 
and 

{l+,Ji)ett,,_         Ul+^)Eh 


Zo-- 


h 


■V 


12(l-M)fc 


.(14) 


is  the  reversed  (upward)  deflection  at  the  edge,  2/  =  0. 

By  substituting  these  expressions  in  equation   (8) 
one  finds  the  bending  moment  My.     By  dividing  —  My 

by  the  section  modulus  per  unit  of  width,  -^ ,  the  result 

is  the  tensile  stress  at  the  top  of  the  slab  in  the  direction 

of  y, 

y  ^^ 

(15) 


where 


..  =  ,.(l-V2si„(-J    +j)."'^0 


ZV2 
E^tt 


2(1 -m) 
(same  as  equation  7) 

By  solving  the  first   of    equations    4   for    if,  with 
d^z  7i,2 

^2  =  0)  and  dividing— l/j.  by  the  section  modulus,  -^ 
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one  finds  the  tensile  stress  at  the  top,  in  the  direction 
of  X, 

'^x-'Y  "rA'0-!,  =  o'(,  +  M(o-i,-o-o), (16) 


t>it? 


are  relatively  narrow,  the  relative  values  of  z  in  terms 
of  2o  and  of  a^  in  terms  of  cto  are  shown  by  the  full  and 
dotted  curves,  respectively,  in  Figure  2.  The  general 
scale,  giving  distances  from  the  edge  in  terms  of  I,  is 
converted  into  feet  for  thicknesses  of  6  and  7  inches 
and  for  values  of  ]c  equal  to  100  and  50  pounds  per 
cubic  inch,  in  accordance  with  the  values  given  in 
_     /.  /t    •     /    V        7r\   -T7^\  Table  2.     The  same  table  gives  also  the  corresponding 

<^x  -  <^o\l  -mV^  sm  [yj^  +  ^)e     '^'  j (17)    values  of  the  edge  deflection,  z^,  the  stress  (7„  being  for 

"^  -^  all  thicknesses  and  values  of  Jc  the  same  and  equal  to 

106  pounds  per  square  inch  (see  example  under  equa- 
tion 7).  By  reference  to  the  scales  in  feet  it  will  be 
observed  that  the  stress  of  106  pounds  per  square  inch 
and  zero  deflection  obtain  at  aU  points  more  distant 
than  18  feet  from  the  edge  in  a  6-inch  slab  with  a 
modulus  of  subgrade  reaction  equal  to  100  and  varying 
from  this  distance  to  24  feet  for  the  7-inch  slab  with  a 
subgrade  modulus  of  50. 

Table  2. — Examples  of  values  of  the  reversed  deflection,  2„,  at 
the  edge  in  the  case  of  Figure  2,  computed  from  equation  IJ,,  for 
E==3,000,000  pounds  per  square  inch,  ix  =  0.15 

[e,=0.0000060  per  degree  Falirenheit,  i  =  10°  F.  for  typical  values  of  the  thickness  of 
the  slab,  h,  and  the  modulus  of  subgrade  reaction,  k.  Corresponding  value  of  the 
stress  CTo  according  to  ecjuation  (7):  i7„  =  106  pounds  per  square  inch  The  values 
of  I  are  taken  from  Table  1] 


or,  by  substituting  a^  from  equation  15, 


V2 

These  expressions  for  z,  ay  and  a^  (equations  13,  15, 
and  17)  all  apply  to  the  condition  of  a  slab  of  infinite 
extent  in  the  directions  of  x  and  y.  The  function,  z,  is 
the  deflection  in  the  transverse  direction  occurring  at 


-0.5  ^ 


-o- ^ 

• 
• 

^— - 

-^"^ 

°  y 

1    ,    , 

,        ,        1        , 

1 

1 

rCET     0 

'    1    ,    . 

6 
I       .       1       r       1 

.0 
A-M00LB/IN.3 

I      1      1      1      1      t      1      1 

1 

.5 
1 

.1,1 

JO 

rCET    0 

1    ,    1 

5 

10                           15 
*  =  50L8/IN.^ 

1      1      1      I      1      .      1 

1 

20 

I.I. 

FEET     0 

1      ,      . 

5 

1     1     1     1     1     1 

10 
A  =  100  LB./ IN  3 

1     1     1     1     1     1     1     1     1 

15 
1 

1 

20 

,     ,     ,     1 

_l 

h 

k 

I 

Zo 

inches 

lb,/in.3 

inches 

inches 

6 

100 

27.26 

0. 0085 

6 

50 

32.40 

.0121 

7 

100 

30.60 

.0092 

7 

50 

36.40 

.0131 

TEET    0  5  10  IS  20  25 

•^  *  =  50  LBV  IN.' 

Fig.  2. — The  curling  of  a  pavement  when  the  tem- 
perature IS  NORMAL  AT,  THE  MIDDLE  PLANE,  AND  t 
DEGREES  LOWER  AT  THE  TOP  THAN  AT  THE  BOTTOM. 
The  PAVEMENT,  INFINITELY  WIDE  IN  THE  DIRECTION 
OF    y,    COVERS    THE    WHOLE    POSITIVE    SIDE    OF    THE    AXIS 

OF  X.     The  horizontal  distances,  y,  are  measured 

FROM  the  edge.  ThE  ORDINATES  OF  THE  FULL-LINE 
CURVE  REPRESENT  RELATIVE  VALUES  OF  THE  DEFLEC- 
TIONS, Z,  AND  THOSE  OF  THE  DOTTED  CURVE  REPRE- 
SENT RELATIVE  VALUES  OF  THE  TENSILE  STRESSES,  <J y, 
AT  THE  TOP  OF  THE  PAVEMENT  IN  THE  DIRECTION  PER- 
PENDICULAR TO  THE  EDGES.  ScALES  FOR  y  ARE  GIVEN 
IN  TERMS  OF  I  FOR  GENERAL  APPLICATION,  AND  NU- 
MERICALLY IN  FEET  FOR  SLAB  THICKNESSES  OF  6  AND  7 
INCHES  AND  VALUES  OF  k  EQUAL  TO  50  AND  100  POUNDS 
PER    CUBIC    INCH    FOR    EACH    SLAB    THICKNESS 

any  distance,  y,  from  the  edge  of  the  slab  and  it  is 
expressed  in  equation  (13)  in  terms  of  Zo,  the  deflec- 
tion of  the  edge.  The  stresses  Cj.  and  Oy  are  principal 
stresses,  one  the  greatest,  the  other  the  smallest  at  the 
particular  point,  and  both  are  expressed  (equations  15 
and  17)  in  terms  of  the  stress,  Og,  corresponding  to 
points  in  the  central  area  of  the  slab  at  which,  by 
reason  of  distance  from  the  edge  there  is  no  deflection. 
There  are  no  shearing  stresses  in  the  directions  of  x 
and  y. 

Although   this   case   is  not  similar   to   that  of   any 
ordinary  pavement  condition,  since  pavement  widths 


The  case  of  a  long  slab  of  relatively  narrow  vjidth. — ■ 
The  next  case  to  consider  is  that  of  an  infinitely  long 
strip  or  slab  of  finite  width  b.  Let  the  center  line  be 
along  the  axis  of  x.  Then  the  edges  have  the  equa- 
tions, y=  ±2'    This  case  corresponds  approximately  to 

that  of  a  newly  constructed  pavement  not  yet  cracked 
transversely,  in  which  the  unjointed  length  is  great  in 
comparison  with  the  width. 

Assume  again  the  difference  of  temperature  between 
the  top  and  the  bottom  of  the  slab  to  be  constant  and 
equal  to  t.  Then,  as  in  the  previous  case,  the  deflec- 
tion, z,  wUl  be  a  function  of  y  only,  independent  of  x. 
The  flexure  wfll  be  governed  again  by  equations  8,  9, 
10,  12,  and  16.     The  end  conditions  in  this  case  are: 

My  =  0,  — 7  -  =  0,  at  the  edges  ?/  =  ±  ^ •  The  following  so- 
lution is  correct  because  it  satisfies  these  end  conditions 
and  the  differential  equation  12:'' 


2  cos  X  cos 


°  sin  2X+si 


Ds  hx  r.    , 

nh2xL^~'" 


an  X  +  tan  hX)  cos  -^—  cos  h 


y 


l^|2  Ui 


y 


+  (tan  X  +  tan  hX)  sin  -^  si 


-Ji]- 


ZV2  iV 


where 

and,  as  before. 


X=- 


ZV8" 


.(18) 
.(19) 


3o= 


(1  +  M)f<< 


l'^  =  €,t 


/(1+m) 
V12(l- 


Efi 

l^)k 


(same  as  equation  14) 


'  Equations  13  and  18  and  corresponding  expressions  for  M,  and  Mi  were  stated  in 
a  paper  by  the  writer,    om  beregning  af  plader  paa  elastisk  underlag  mkd 

SAERLIGT  HENBLIK  PAA  .SPOliciSMAALET  OM  SPAENDINGER  I  BETONVEJE.      IngeniOren, 
V.  32,  p.  513,  1923,  Copenhagen.     See  p.  524. 
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Fig.  3. — The  curling  of  a  pavement  of  width  b  =  6l^J2 

WHEN  THE  TEMPERATURE  IS  NORMAL  AT  THE  MIDDLE  PLANE, 
AND  i  DEGREES  LOWER  AT  THE  TOP  THAN  AT  THE  BOTTOM. 
The  HORIZONTAL  DISTANCES,  y,  ARE  MEASURED  FROM  THE 
CENTER  LINE  OF  A  STRIP  OF  PAVEMENT    INCLOSED    BETWEEN 

THE    LINES    y=±-^-      The    ORDINATES    of    the    FULL-LINE 

CURVE  REPRESENT  RELATIVE  VALUES  OF  THE  DEFLECTIONS, 
2,  AND  THOSE  OF  THE  DOTTED  CURVE  REPRESENT  RELATIVE 
VALUES  OF  THE  TENSILE  STRESSES,  a ^,  AT  THE  TOP  OF  THE 
PAVEMENT     IN     THE     DIRECTION     PERPENDICULAR     TO     THE 

EDGES.  Scales  for  y   are  given  in  terms  of  I   for 

GENERAL  APPLICATION,  AND  NUMERICALLY  IN  FEET  FOR 
SLAB  THICKNESSES  OF  6  AND  7  INCHES  AND  VALUES  OF  A: 
EQUAL  TO  50  AND  100  POUNDS  PER  CUBIC  INCH  FOR  EACH 
SLAB   THICKNESS 

By  the  process  applied  in  the  preceding  case  one  finds 
the  con-esponding  principal  stresses  at  the  top  of  the 
slab: 


'•[ 


1- 


2  cos  X  cos  hX 


sin  2X  +  sin  h2X 

tan  X  — tan  hX) 


(tan  X  +  tan  hX)  cos 


h 


l^/•2  ;V 


iJ'zJi 


/V2 


COS  h  -^ 

-  -  (20) 


where,  as  before, 


-(21) 


"2(1-m) 


(same  as  equation 


N  unierical  computations  by  equations  18  and  20  be- 
come a  simple  matter  by  use  of  a  book  of  tables  pub- 
lished by  Hay  ash  i  in  1921.*  These  tables  give  the  values 
of  the  hyperbolic  and  n  atural  sines  and  cosines  in  a  con- 
venient form,  and  they  have  been  used  in  making  the 
computations  given  in  Tables  3  and  4  and  graphically 
in  Figures  2,  3,  4,  and  5. 

Table  3  and  Figures  3  and  4  show  the  relative  deflec- 
tions and  sti-esses  at  differ  cut  distances  from  the  center 
line  of  a  pavement  of  two  different  widths,  one  half  as 
great  as  the  other.  Defl  ections  are  expressed  as  func- 
tions of  the  edge  deflection  of  a  slab  of  infinite  width, 
and  the  stresses  are  expressed  in  terms  of  ao,  the  stress  in 

>  IlAYASHI,  K.    fCnfstei.uge    t.\feln    dek    kreis-und   hyperbelfunktionen 

SOWIE  DEK  FfNKTIONEN    r'   UND   (-'  MIT  DEN  NATOrlICHEN  ZAHLEN  ALS  ARGUMENT. 
IHtIiii  aii(i  Loipzis;,  1921.     (Walter  de  Gnnier  &  Co  ) 
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Fig.  4. — The  curling  of  a  pavement  of  width  6  =  3/v2 
(one-half  the  width  of  the  pavement  represented 
BY  figure  3),   when  the   temperature  IS  normal  at 

THE  middle  plane,  AND  t  DEGREES  LOWER  AT  THE  TOP 
THAN  AT  THE  BOTTOM.  ThE  HORIZONTAL  DISTANCES,  y 
ARE    MEASURED    FROM   THE    CENTER    LINE    OF   THE    STRIP   OF 

PAVEMENT    INCLOSED    BETWEEN    THE    LINES   y=  dz^R-       ThE 

ORDINATES  OF  THE  FULL-LINE  CURVE  REPRESENT  RELA- 
TIVE VALUES  OF  THE  DEFLECTIONS,  2,  AND  THOSE  OF  THE 
DOTTED  CURVE  REPRESENT  RELATIVE  VALUES  OF  THE 
TENSILE  STRESSES,  <7„,  AT  THE  TOP  OF  THE  PAVEMENT  IN 
THE  DIRECTION  PERPENDICULAR  TO  THE  EDGES.  SCALES 
FOR  y  ARE  GIVEN  IN  TERMS  OF  I  FOR  GENERAL  APPLICATION, 
AND  NUMERICALLY  IN  FEET  FOR  SLAB  THICKNESSES  OF  6 
AND  7  INCHES  AND  VALUES  OF  k  EQUAL  TO  50  AND  100 
POUNDS  PER  CUBIC  INCH  FOR  EACH  SLAB   THICKNESS 

the  central  portion  of  such  an  infinite  slab.  By  com- 
parison of  the  two  figures  and  the  columns  of  the  table 
corresponding  to  the  two  widths  one  sees  clearly  the 
effect  upon  deflections  and  stresses  of  cutting  the  con- 
tinuous width  of  a  pavement  slab  in  half  by  the  intro- 
duction of  a  center  joint.  By  so  doing,  for  example,  it 
appears  tltat  the  edge  deflections  are  not  appreciably 
altered,  but  the  maximum  stress  is  reduced  by  more 
than  half. 

According  to  the  numerical  scales  at  the  bottom  of 
Figures  3  and  4,  the  diagram  (fig.  3)  may  represent,  for 
example,  a  pavement  20  feet  wide  without  center  joint 
and  still  uncracked.  The  maximum  stress,  a^,  at  the 
center  (see  also  Table  3)  is  1.084cro.  If  this  pavement 
cracks  along  the  center  line,  the  left  half  of  it  will  be 
represented  by  the  diagram  (fig.  4),  and,  as  will  be 
seen,  the  maximum  value  of  o-j,  becomes  0.50S<To. 
With  /x  =  0.15  the  corresponding  stresses,  a^.,  in  the 
direction  of  the  road  become,  according  to  equation  21 : 

In  the  case  represented  by  Figure  3, 

(Tj,  =  (To  (1  +  0.15  X  0.084)  =  1.013(7« 
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and  in  the  case  represented  by  Figure  4, 

(7^  =  (T,,  (1  -  0. 1 5  X  0.492)  =  0.926(r<,. 

That  is,  in  order  that  the  stress  a-j.  shall  be  relieved 
in  a  manner  comparable  to  that  of  <Ty,  transverse  cracks 
or  joints  are  required.  At  the  edge,  without  trans- 
verse cracks  or  joints,  the  stresses  are  the  same  before 
and  after  the  longitudinal  crack  has  formed,  being, 
respectively, 

<Tj,^0  and  (Tj.  =  0.S5(ro- 

T.\BLE  3. —  Two  examples  of  curling  of  a  strip  of  pavement  of 
width  b,  when  the  temperature  at  the  top  of  the  pavement  is  t 
degrees  lower  than  at  the  bottom 

Relative  values  of  the  defleclions,  ;,  nnd  the  stre.'ses,  a,j,  across  the  strip,  at  diflerenl 
distances,  y,  (rem  the  center  line,  Irom  equations  18  and  20.  Graphical  representa- 
tion in  Figures  3  and  4.  E.xamples  of  numerical  values  of  2„  and  o„  are  given  in 
Table  2) 


V 

6  =  «V2 

()=3iV2 

Zo         1         0-, 

2 
2o 

(To 

0.508 
.405 
.163 
.000 

0 
0.5 

1 

1.5 

2 

2.5 

3 

0.1126           1.084 
.1326           1.056 
.1773  ,           .959 
.  1980             .  775 
. 1021              .  493 
-. 3476              . 178 
-1.003  1           .000 

0.  4320 

.3049 

-.  1260 

-.  9720 

Table  4. — Curling  of  a  strip  of  pavement  of  width  b,  when  the 
temperature  at  the  top  of  the  pavement  is  t  degrees  lower  than  at 
the  bottom 

(Relative  values  of  the  deflections,  z,,  at  the  edge,  and  of  the  stresses,  trc.  across  the 

center  line,  for  different  values  of  6,  computed  from  equations  18  with  y='^,  and 

20  with  !/=0.     Graphical  representation  in   Figure  5.    E.xamples  of   numerical 
values  of  Zc  and  »»  are  given  in  Table  21 


W8^=^^ 

6 

Zc 

"c 

I 

:o 

"o 

oo 

00 

-1.000 

1.000 

4 

11.31 

-  0. 999 

1.052 

3 

8.49 

-1.003 

1.084 

2.5 

7.07 

-1.026 

1.032 

2.365 

6.69 

-1.036 

1.000 

2 

5.66 

-  1.057 

0.856 

1.571 

4.44 

-1.000 

1.5 

4.24 

-0.  972 

0.508 

1 

2.  828 

-0.599 

0.148 

0.5 

1.414 

-0. 165 

0.010 

Table  5. — Example  of  stresses,  in  pounds  per  square  inch,  occur- 
ring in  a  ^0-foot  pavement  without  transverse  cracks  or  joints, 
before  and  after  a  longitudinal  crack  has  formed  along  ihe  center 
line 

[The  temperature  at  the  top  of  the  pavement  is  assumed  to  be  10°  F.  lower  than  at 
the  bottom.  £=3,000,000  pounds  per  square  inch;  ^=0.15;  «,  =  0.0000060  per  degree 
Fahrenheit;  ff„  =  10;i  pounds  per  square  inch  (compare  Table  2)1 


Before  cracking 
longitudinally 

After  cracking 
longitudinally 

■ 

Center  of 
20-foot 
strip 

Edge 

Center  of 
10-foot 
strip 

Edge 

Tranverse  stress,  ff„  (pounds  per  square 
inch).     __      -    _ .-  _-. 

115 
107 

0 
90 

54 
97 

0 

Longitudinal  stress,  o-i  (pounds  per  square 
inch) 

90 

o o 
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WIDTH  OF  SLAB 

Fig.  5. — Curling  of  a  strip  of  pavement  of  width  b, 

WHEN  THE  TEMPERATURE  IS  NORMAL  AT  THE  MIDDLE 
plane,  and  t  DEGREES  LOWER  AT  THE  TOP  THAN  AT 
THE  BOTTOM,  GIVING>ALUES  OF  THE  DEFLECTIONS,  Z e, 
AT  THE  EDGE,  AND  THE  STRESSES,  Cc  ACROSS  THE  CENTER 
LINE,  FOR  DIFFERENT  VALUES  OF  b.  ThE  SCALES  FOR 
b  AT  THE  BOTTOM  OF  THE  FIGURE  APPLY  FOR  THE 
PARTICULAR  VALUES  OF  /),  AND    k    STATED   IN    TaBLE    2 

Table  5  shows  numerical  values  obtained  by  this  pro- 
cedure on  the  basis  of  the  values  assumed  in  connection 
with  Table  2.  Stresses  like  those  in  Ta])le  5  may  have 
to  be  combined  with  the  stresses  resulting  from  a  super- 
imposed uniform  drop  of  temperature  (drop  of  tempera- 
ture in  the  middle  plane  of  the  slab),  with  forces  of 
friction  active  between  the  slab  and  the  subgrade. 

By  assuming  ^=  —10°  F.  instead  of  +10  degrees — 
that  is,  by  assuming  the  top  of  the  pavement  to  be  10 
degrees  warmer  than  the  bottom,  the  tensile  stresses 
given  in  Table  5  will  still  exist,  but  will  be  at  the  bottom 
of  the  pavement  instead  of  at  the  top.  These  tensions 
at  the  bottom  are  significant  in  that  they  may  have  to 
be  combined  with  the  tensions  due  to  wheel  loads,  both 
in  the  central  area  and  at  the  edge.^ 

Edge  deflections  and  center  stresses  tabulated  Jor  pur- 
poses  of  practical  design. — In  Table  4  and  Figure  5  are 
given  the  relative  edge  deflections  and  center  stresses 
in  slabs  of  various  widths  corresponding  to  the  several 

«  Values  of  these  stresses  due  to  wheel  loads  are  given  in  Tables  3  and  4  in  the  paper 
"Stresses  in  concrete  pavements  computed  by  theoretical  analysis." 
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values  of  b.  Here  again  the  deflections  and  stresses 
are  given  in  terms  of  the  edge  deflection  and  interior 
stress,  respectively,  of  a  slab  of  infinite  width,  and  the 
values  given  for  both  are  maxima  for  the  several 
widths  represented. 

Since  these  factors,  i.  o.,  the  edge  deflection  and  the 
center  stress  for  slabs  of  finite  width,  are  of  greatest 
practical  importance  for  purposes  of  design,  Tables  6 
and  7  have  been  compiled  to  show  the  numerical  values 
of  the  two  factors  for  a  range  of  thickness  and  width  of 
slab  embracing  the  common  dimensions  and  for  three 
values  of  the  modulus  of  subgrade  reaction,  Jc.  The 
values  given  in  these  tables  are  based  on  a  difference  of 
temperature  of  10°  F.  between  the  top  and  bottom  of 
the  slab.  Values  corresponding  to  any  other  difference 
of  temperature  may  be  obtained  by  multiplying  the 

tabulated  values  by  -tk,  where  t  represents  the  difference 

of  temperature  assumed  for  purposes  of  design. 

Table  6. — Edge,  deflections  of  concrete  slabs  of  infinite  length  '  and 
various  widths  and  thicknesses,  corresponding  to  three  values  of 
the  modulus  of  subgrade  reaction,  when  the  difjerence  of  tempera- 
ture between  the  top  and  bottom  of  the  slab  is  10°  F. 

[£=3,000,000  pounds  per  square  inch,  m=0.15,  «i=0.0000060] 


Width  of  slab  in  feet 

Modu- 

Thick- 

lus  of 

sub- 
grade 

of 

slab 

9 

12 

14 

16 

18 

20 

24 

30 

reaction 
k 

in 
inches 

Edg( 

J  deflecti 

on  in  inc 

hes 

50 

6 

0.  0092 

0.  0121 

0.  0127 

0.0127 

0.  0125 

0.  0123 

0. 0121 

0.0121 

7 

.0085 

.0121 

.0133 

.0138 

.0138 

.0136 

.0132 

.0130 

8 

.0077 

.0116 

.0134 

.0144 

.0148 

.0147 

.0143 

.0140 

10 

.0062 

.0104 

.0128 

.0146 

.  01,')8 

.0164 

.0104 

.0158 

lOO 

6 

.0079 

.0090 

.0090 

.0088 

.0086 

.0086 

.0085 

.  0086 

7 

.0076 

.0095 

.0098 

.  0097 

.0095 

.0093 

.0092 

.  0092 

8 

.0071 

.0096 

.0103 

.0104 

.0103 

.0101 

.0099 

.0099 

10 

.0061 

.0093 

.0107 

.0114 

.0117 

.0116 

.0113 

.0110 

200 

6 

.0062 

.0063 

.0062 

.  0061 

.0060 

.0060 

.0060 

.0060 

7 

.0063 

.0069 

.0068 

.0066 

.0066 

.0065 

.0065 

.0065 

8 

.0062 

.0073 

.0074 

.0072 

.0071 

.0070 

.0070 

.0070 

10 

.0056 

.0076 

.0082 

.  0082 

.0081 

.0080 

.0078 

.0078 

I  For  practical  purposes  the  values  given  in  the  table  apply  also  to  slabs  the  length 
of  which  with  respect  to  the  width  is  relatively  great. 

Table  7. — Stresses  across  the  center  line  of  concrete  slabs  of  infi- 
nite length  '  and  various  widths  and  thicknesses,  corresponding  to 
three  values  of  the  modulus  of  subgrade  reaction,  xuhen  the  differ- 
erence  of  temperature  between  the  top  and  bottom  of  the  slab  is  10° 
F. 

[£=3,000.000  pounds  per  square  inch,  m=0.15,  et=0.0000060] 


Modu- 
lus of 
sub- 
grade 

reaction 

Thick- 
ness 
of 
slab 
in 
inches 

Width  of  slab  in  feet 

9 

12 

14 

16 

18 

20     24 

30 

k 

Center  stress  in  pounds  per  square  inch 

50 _. 

100 

200 

6 

7 
8 

10 
6 
7 
8 

10 
6 

8 
10 

27 
18 
13 
10 
45 
33 
24 
13 
68 
53 
40 
24 

60 
45 
34 
20 
83 
68 
54 
35 
101 
90 
77 
55 

80 
65 
52 
33 
99 
87 
75 
53 
111 
104 
95 
75 

96 
82 
70 
48 
109 
101 
91 
70 
115 
112 
107 
92 

106 

96 

85 

63 

114 

109 

102 

85 

115 

115 

112 

103 

112 
105 
96 
77 
115 
113 
110 
97 
113 
115 
115 
110 

115 
114 
110 
98 
113 
115 
115 
110 
109 
112 
114 
115 

112 
114 
115 
112 
104 
110 
113 
115 
106 
107 
109 
113 

'  For  practical  purpo.ses  the  values  given  in  the  table  apply  also  to  slabs  the  length 
of  which  with  respect  to  the  width  is  relatively  great. 

Stresses  in  a  rectangular  panel. — It  remains  to  discuss 
tl»e  case  of  a  rectangular  panel.     Let  the  edges  have 


the    equations    x=±j    and    y^  ±^-      Let    z=f  (y) 

represent  the  solution  for  B=co  and  h  finite,  and  let 
z  =  F  (x)  represent  the  analogous  solution  for  B  finite 
and  h=  CO.  Assume  for  the  time  being  that  Poisson's 
ratio  is  zero.  Then,  with  the  finite  values  of  both 
B  and  b,  the  following  solution  will  satisfy  all  the 
conditions: 

z=J{y)+F{x).  (22) 

With  this  solution  the  stresses  Cy  may  be  found  as  if  B 
were  infinite,  and  the  stresses  a^  as  if  b  were  infinite. 
It  is  a  fact,  however,  that  Poisson's  ratio,  n,  is  not 
equal  to  zero.  With  ju  =  0.15  the  influence  of  this  ratio 
is  exemplified  in  Table  5,  where  the  stresses  a^  vary 
from  90  to  107  pounds  per  square  inch.  If  Poisson's 
ratio  were  zero,  these  stresses  would  all  be  90  pounds 
per  square  inch.  The  variation  is  a  matter  of  18  per 
cent.  If  errors  of  this  magnitude  can  be  tolerated  in  a 
first  approximation,  then  the  solution  indicated  by 
equation  22  may  be  accepted  as  a  first  approximation. 
It  may  be  noted  that  the  radius  of  relative  stiffness^ 
I  (see  equation  11)  is  affected  only  slightly  by  a  varia- 
tion of  Poisson's  ratio,  and  the  values  of  I  given  in 
Table  1,  therefore,  may  still  be  used. 

This  consideration  will  be  applied  for  the  purpose  of 
estimating  the  influence  of  curling  due  to  a  difl'erence  of 
temperature  upon  the  corner  break.  The  stresses  due 
to  the  variation  of  temperature  must  be  combined,  in 
this  case,  with  the  stresses  due  to  a  wheel  load  acting 
close  to  the  corner.  Assume  that  the  slab  is  7  inches 
thick  and  that  the  resultant  of  a  wheel  load  equal  to 
5,000  pounds  is  applied  4  inches  from  each  of  two 
edges  which  form  the  rectangular  corner.  Assume  that 
the  modulus  of  subgrade  reaction  is  ^  =  100  pounds  per 
cubic  inch.  Then  Table  1  gives  Z  =  30.60  inches. 
According  to  a  previous  paper'°  the  load  produces  in 
this  case  a  tensile  stress  at  the  top  equal  to  crc  =  0.5 
X  390  =  195  pounds  per  square  inch.  This  stress 
occurs  in  a  section  which  intersects  the  edges  at  a 
distance  from  the  corner  approximately  equal  to 

Xi  V2  =  2  V2 V4V2  X 30.60  =  37.2  inches  =  0.860  I  -^2. 

Both  Figure  2  and  Figure  3  indicate  at  this  distance 
from  the  left  of  the  diagram  a  temperature  stress 
o-  =  0.40(To.  Figure  4  gives  o-  =  0.34o-(,.  Since  the  maxi- 
mum temperature  stress  occurs  at  a  greater  distance 
from  the  corner,  one  may  obtain  the  maximum  com- 
bined stress  due  to  temperature  and  load  by  combining 
the  stress  due  to  load,  0-^=  195  pounds  per  square  inch, 
with  a  tetiiperature  stress  somev/hat  larger  than  0.40o-o. 
The  value  a  =  0.5a„  may  be  considered  to  be  a  rea- 
sonable estimate.  With  ^=10  degrees  Fahrenheit, 
and  the  other  numerical  values  as  in  the  previous 
examples,  except  that  ijl  =  0,  one  finds  0-0  =  90  pounds 
per  square  inch,  that  is,  o-  =  45  pounds  per  square  inch. 
Since  the  stress  o-^  belongs  in  a  section  making  an 
angle  of  45  degrees  with  the  edge,  and  the  stress  o- 
in  a  section  perpendicular  to  the  edge,  the  combined 
maximum  stress  wiU  be,  approximately,  (T,  +  i(r=  195 + 
iX45  =  218  pounds  per  square  inch. 

'""Stresses  in  concrete  pavements  computed  by  theoretical  analysis,"  Table  2, 
and  equation  4. 
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DIGEST  OF  REPORT  OF  OHIO  HIGHWAY  TRANSPOR- 
TATION SURVEY 

Reported  by  J.  GORDON  McKAY,  Chief  of  the  Division  of  Highway  Economics,  Bureau  of  Public  Roads 

Anticipating  the  need  for  a  definite  program  of  recon- 
struction and  development,  and  realizing  the  necessity 
of  having  as  a  basis  for  a  sound  plan  of  highway  im- 
provement accurate  data  with  respect  to  the  traffic 
on  the  various  sections  of  the  State  highway  system, 
the  Director  of  Highways  and  Public  Works  entered 
into  an  agreement  with  the  United  States  Bureau  of 
Public  Roads  to  conduct  a  cooperative  survey  of  trans- 
portation on  the  highways  of  the  State. 


THE  Report  of  a  Survey  of  Transportation  on  the 
State  Highway  System  of  Ohio  has  recently 
come  from  the  press.'  This  report  contains  the 
results  of  highway-traffic  studies  of  the  State,  county, 
and  township  road  systems  of  Ohio  conducted  during 
1925  under  a  cooperative  agreement  between  the 
Bureau  of  Public  Roads,  United  States  Department  of 
Agriculture,  and  the  Ohio  State  Department  of  High- 
ways and  Public  Works. 

The  investigation  was  undertaken  in  order  to  obtain 
essential  facts  concerning  traffic  on  Ohio  highways  as 
a  basis  for  planning  the  development  of  the  Ohio  State 
highway  system  to  serve  present  and  future  traffic. 

The  conclusions  are  based  upon  the  present  density, 
type,  loading,  and  distribution  of  traffic  units  and  a 
traffic  classification  of  State  highways,  upon  present 
population  and  population  trends,  upon  predicted 
future  traffic,  and  upon  an  economic  and  physical 
analysis  of  other  factors  affecting  the  planning  of  a 
program  of  highway  improvement. 

The  first  section  of  the  full  report  contains  a  sum- 
mary of  principal  conclusions,  the  second  contains  the 
detailed  data,  and  the  third  section  the  proposed  plan 
of  State-highway  improvement  indorsed  by  the  Ohio 
State  Department  of  Highways  and  Pubhc  Works  and 
the  United  States  Bureau  of  Public  Roads. 

The  highway-traffic  studies  upon  which  the  report 
is  based  were  conducted  under  the  joint  supervision  of 
Thomas  H.  MacDonald,  Chief  of  the  Bureau  of  Public 
Roads,  and  George  F.  Schlesinger,  director,  and  L.  A. 
Boulay,  former  director  of  the  Ohio  State  Department 
of  Highways  and  Public  Works.  J.  Gordon  McKay, 
Chief  of  the  Division  of  Highway  Economics,  Bureau 
of  Public  Roads,  directed  the  work  of  the  survey  and 
preparation  of  the  report,  assisted  by  O.  M.  Elvehjem, 
E.  T.  Stein,  L.  E.  Peabody,  and  B.  P.  Root,  all  of  the 
Division  of  Highway  Economics,  and  Harry  J.  Kirk, 
State  highway  engineer,  and  Harry  E.  Neal,  traffic 
engineer  of  Ohio. 

Of  the  approximately  1 1 ,000  miles  of  State  highways 
on  January  1,  1926,  there  were  5,194  miles  that  were 
improved  with  brick,  concrete,  asphalt,  and  bituminous- 
macadam  surfaces,  of  which  more  than  half  had  surfaces 
less  than  18  feet  in  width,  and  approximately  400  mUes 
were  old  and  worn-out  pavement  under  county  main- 
tenance. Surface-treated  macadam  surfaces,  of  which 
there  were  1,307  miles  in  1925,  will  require  re- treatment 
or  reconstruction  when  the  traffic  materially  increases. 
The  remainder  comprised  3,000  miles  of  gravel,  slag, 
and  stone  and  1,282  miles  of  unimproved  highways. 

The  principal  problems  now  confronting  the  State 
are  the  reconstruction  of  the  old,  worn-out  surfaces, 
expensive  to  maintain,  the  widening  of  narrow  pave- 
ments, the  improvement  of  unimproved  sections  of  the 
State  system,  the  elimination  of  the  most  dangerous 
railroad  grade  crossings,  and  the  distribution  of  present 
highway  revenues  satisfactorily  to  complete  the  State 
system  of  roads. 

'  Copies  of  the  full  report  may  be  obtained  upon  request  from  the  Bureau  of  Public 
Roads. 
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At  the  City  Limits  of  Zanesville  on  the  National 
Road  in  1913 

conclusions  from  survey  summarized 

The  results  of  the  survey  show  that  during  the  next 
five  years  the  State  should  reconstruct  1,220  miles  of 
the  State  system,  widen  1,594  miles,  and  build  1,707 
miles,  the  latter  comprising  1,007  miles  of  construction 
superior  to  gravel  and  700  miles  of  traffic-bound  im- 
provements.    The  cost  is  estimated  at  $100,000,000. 

On  the  basis  of  the  traffic  observed  during  the  survey, 
it  is  estimated  that  the  State  highway  system,  which 
comprises  13  per  cent  of  the  total  rural  mileage,  pro- 
vided highway  service  for  a  traffic  of  2,160,435,000 
vehicle-miles,  equal  to  57.7  per  cent  of  the  total  motor- 
vehicle  traffic  on  the  rural  highways  of  the  State  in 
1925;  that  the  county  highways,  which  include  27.1  per 
cent  of  the  rural  mileage,  provided  service  for  1,108,- 
870,000  vehicle-miles,  29.6  per  cent  of  the  total  traffic; 
and  that  the  township  highways,  which  constitute  59.9 
per  cent  of  rural  mileage,  provided  service  for  477,055,- 
000  vehicle-miles,  or  only  12.7  per  cent  of  total  rural 
traffic.  The  daily  traffic  on  the  State  system  averages 
over  nine  times  that  upon  the  county  and  township 
roads.  These  facts  show  the  necessity  of  allotting  a 
sufficient  portion  of  total  highway  revenues  to  complete 
the  improvement  of  the  State  system  of  highways. 

It  is  clearly  shown  by  the  survey  that  the  principal 
routes  of  the  State  system,  comprising  what  are  known 
as  the  Federal-aid  and  main  market  systems,  are  with  a 
few  exceptions  the  most  important  traffic  routes  of  the 
State.  The  improvement  of  these  routes,  however,  has 
not  up  to  this  time  been  entirely  consistent  with  their 
traffic  importance.     There  are  sections  of  gravel  and 
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old,  worn-out  surfaces,  narrow  9  to  16  foot  pavements, 
as  well  as  unimproved  sections  on  these  heavily  trav- 
eled routes. 

The  largest  volume  of  motor-vehicle  traffic  is  found 
in  the  areas  adjacent  to  large  centers  of  urban  popula- 
tion and  on  the  main,  tlirough-traffic  routes. 

Of  the  11,000  miles  of  the  State  highway  system,  1.2 
per  cent  carried  2,500  or  more  motor  vehicles  per  day, 
7.8  per  cent  carried  1,500  or  more,  29.4  per  cent  carried 
600  or  more,  and  70.6  per  cent  carried  less  than  600 
vehicles  per  day  in  1925. 


P.\N  American  Highway  Engineers  and  Busses  in  Which 
They  Inspected  Ohio  Highways  in  1924 

The  northeastern  part  of  the  State  is  the  most  mipor- 
tant  traffic  area  and  is  also  the  region  of  densest  popu- 
lation, motor-vehicle  registration,  and  industrial  devel- 
opment. The  southwestern  area  is  very  close  to  the 
northeastern  section  in  traffic  importance.  The  north- 
western and  southeastern  parts  of  the  State  are  of  least 
present  and  expected  future  traffic  importance. 

Motor-truck  traffic  is  an  important  part  of  total 
traffic  on  the  principal  routes.  On  the  State  system  in 
1925,  2.7  per  cent  of  the  mileage  carried  200  or  more 
trucks  per  day,  5.7  per  cent  carried  150  or  more,  13.1 
per  cent  100  or  more,  and  27.5  per  cent  carried  60  or 
more  trucks  per  day.  Based  on  the  traffic  forecast,  it 
is  expected  that  by  1935  over  1,300  miles  of  State  high- 
ways will  carry  200  or  more  trucks  per  day,  while  a 
comparatively  small  mileage  is  expected  to  carry  from 
500  to  1,000  trucks  a  day. 

Four-fifths  of  the  trucks  operating  on  the  State 
system  are  small  units,  23^2  tons  capacity  or  less.  The 
comparatively  small  number  of  large-capacity  trucks 
and  heavy  loads  observed  may  perhaps  be  attributed 
in  a  measure  to  the  gross-load  limitation  of  20,000 
pounds  fixed  by  law  in  the  State. 

The  average  daily  density  of  traffic  in  1925  was  538 
vehicles  on  the  State  system,  132  on  county  highways, 
and  only  26  on  township  roads,  each  mile  of  road  of 
the  State  system  providing  traffic  service  more  than 
equal  to  that  of  4  miles  of  county  and  20  miles  of 
town  roads. 

The  Federal-aid  system,  slightly  more  than  half  the 
State  system,  carried  70.6  per  cent  of  the  daily  traffic 
of  the  State  system;  the  main  market  roads,  approxi- 
n^ately  one-third  of  the  State-system  mileage  and  in- 
cluded for  the  most  part  in  the  Federal-aid  system, 
carried  over  half  the  traffic,  and  the  principal  routes  of 
the  system,  8.8  per  cent  of  the  mileage,  carried  over 
one-fourth  of  the  traffic. 

Foreign  traffic  comprises  but  a  small  part  of  the  total 
traffic  except  on  the  principal  through-traffic  routes. 
More  than  half  of  passenger-car  traffic  consists  of  cars 
used  for  business  purposes. 


The  survey  clearly  shows  that  the  traffic  using  the 
State  system  is  predominantly  city  passenger-car  and 
motor-truck  traffic,  farm-owned  passenger  cars  and 
motor  trucks  making  up  only  12.4  per  cent  and  15.5 
per  cent,  respectively,  of  the  total  passenger-car  and 
motor-truck  traffic.  The  improvement  and  mainte- 
nance of  State  highways  is,  therefore,  primarily  the 
result  of  the  demand  for  highway  service  by  city  motor- 
vehicle  owners. 

The  volume  of  traffic  in  a  given  area  is  principall}' 
l^roduced  by  the  population  residmg  within  a  radius 
of  30  miles,  since  less  than  30  per  cent  of  the  truck 
traffic  and  less  than  40  per  cent  of  the  passenger-car 
traffic  travels  more  than  30  miles. 

FUTURE   TRAFFIC   AND   HIGHWAY   REQUIREMENTS   ESTIMATED 

The  distribution  of  population  is  an  important  factor 
in  planning  highway  improvements.  Of  the  entire 
area  of  the  State  80  per  cent  has  a  population  of  less 
than  80  persons  per  square  mile  and  is  the  home  of 
only  22.7  per  cent  of  the  total  State  population, 
whereas  the  9.4  per  cent  of  the  area  that  has  a  popula- 
tion of  160  or  more  persons  per  square  mile  includes 
69.3  per  cent  of  the  population  of  the  State. 

These  variations  indicate  marked  differences  in  the 
necessity  for  highway  service  in  the  several  parts  of  the 
State.  In  the  densely  populated  areas  the  highway 
system  should  be  planned  to  serve  large  volumes  of 
traffic  between  the  principal  centers  of  population  with 
tributary  feeder  routes  connecting  minor  population 
centers  with  the  primary  traffic  routes.  These  routes 
should  be  of  sufficient  width  and  improved  with  sur- 
faces adequate  to  carry  the  large  daily  volume  of  traffic 
as  directly  as  possible;  obstructions  to  the  free  move- 
ment of  traffic,  such  as  railway  crossings  at  grade, 
sharp  curves,  heavy  grades,  and  congested  traffic  sec- 
tions shoidd  be  eliminated,  and  by-pass  routes  should 
be  constructed  to  avoid  the  traffic  congestion  which 
occurs  when  a  main  traffic  route  passes  through  the 
business  center  of  small  villages  and  cities.  In  the 
sparsely  popidated  areas  the  volume  of  traffic  is  smaller 
and  its  sources  more  scattered.  A  connected  system 
of  main  routes  comprising  a  smaller  mileage,  improved 
with  gravel  or  the  lower  types  of  paved  surfaces  where 
traffic  warrants  such  improvements,  should  satis- 
factorily meet  traffic  requirements  in  these  areas, 
except  on  the  main  through  routes  traversing  them. 
The  removal  of  obstacles  to  the  easy  movement  of 
traffic  is  not  an  important  problem  in  areas  of  low 
population  and  traffic,  particularly  when  the  expect- 
ancy of  future  traffic  increase  is  small. 

The  dei\sit3^  of  traffic  on  the  various  roads  of  the  State 
system  has  been  used  as  the  fjasis  for  an  estimate  of 
traffic  on  the  same  roads  in  1930  and  1935,  applying  for 
this  purpose  the  relation  between  the  increase  in  traffic 
on  the  highways  and  the  ratio  of  population  to  motor- 
vehicle  registration  observed  in  other  States.  In  1925 
there  was  one  motor  vehicle  for  each  4.7  persons  in 
Ohio.  Extending  the  past  trend  of  this  ratio  to  1935 
it  is  estimated  that  there  will  then  be  one  vehicle 
for  each  2.82  persons.  On  this  basis  the  registration  of 
1935  is  estimated  at  2,607,000  motor  vehicles,  a  regis- 
tration approximately  twice  as  great  as  that  of  1925. 
As  the  yearly  increase  of  motor-vehicle  traffic  on  the 
highways  has  been  found  to  be  practically  in  direct 
proportion  to  the  growth  of  motor-vehicle  registration, 
it  may  be  expected  that  traffic  on  the  State  highways 
will  increase  51  per  cent  between  1925  and  1930,  and 
28  per  cent  between  1930  and  1935. 
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Types   of    Road    Constructeu    on    the   Ohio   State    System  in   Recent  Years 


As  a  basis  for  the  plan  of  highway  improvement,  the 
State  highways  are  classified  in  three  groups  designated 
as  major,  medium,  and  minor  traffic  highways,  accord- 
ing to  their  average  daily  traffic.  Routes  or  sections 
of  routes  carrying  1,500  or  more  motor  vehicles  per  day 
are  classed  as  major  routes,  those  carrying  600  to  1,500 
vehicles  per  day  as  medium  routes,  and  those  carrying 
less  than  600  vehicles  daily  are  classed  as  minor  routes. 
The  routes  or  sections  of  routes  are  classed  in  this  way  on 
the  basis  of  the  observed  1925  traffic,  and  the  estimated 
traffic  for  1930  and  1935  is  employed  in  a  similar  man- 
ner to  indicate  the  probable  classification  in  those 
years. 

Experience  in  many  States  indicates  that  ordinary 
untreated  gravel  and  similar  surfaces  can  not  be 
economically  maintained  when  the  traffic  exceeds  500 
to  600  vehicles  per  day,  and  similar  experience  in  Ohio 
points  to  approximately  600  vehicles  per  day  as  the 
limit.  Above  that  traffic  density  the  type  and  design 
of  surface  required  are  largely  functions  of  the  fre- 
quency of  heavy  loads,  the  choice  of  types  including 
bituminous  macadam  for  the  lower  densities  and  the 
several  rigid  types  for  roads  of  greater  density. 


If,  on  the  basis  of  this  experience,  those  sections  of 
the  Ohio  State  system  which  carry  a  traffic  of  600  or 
more  vehicles  per  day  be  considered  as  requiring  a  type 
of  surface  superior  to  untreated  gravel,  it  is  found  that 
in  1925  over  one-third  of  the  11,000  miles  of  the  State 
system,  or  3,852  miles,  required  such  surfaces,  and  10 
years  later,  in  1935,  based  on  the  estimated  traffic, 
approximately  half  the  system,  or  5,221  miles,  should 
be  so  improved. 

THE   METHODS   OF   THE  SURVEY 

The  traffic  survey  was  begun  in  December,  1924,  and 
continued  for  a  period  of  one  year.  During  the  survey 
traffic  data  were  recorded  at  1,158  points  on  Ohio 
highways.  At  358  of  these  points  complete  data  were 
recorded  one  day  each  month  during  the  year  period. 
At  the  remaining  800  points  counts  of  passenger  cars 
and  motor  trucks  were  obtained  on  three  days  during 
the  summer  months.  Data  obtained  included  counts 
of  passenger  cars,  motor  trucks,  motor  busses,  horse- 
drawn  vehicles,  foreign  vehicles,  and  detailed  truck 
and  passenger-car  data.  Motor-truck  data  included 
the  capacity  of  the  truck.  State  of  registration,  place 
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Fig.  1. — Average  Daily  Density  of  Motor  Vehicle  Traffic  on  the  State  Highway  System 


of  ownership,  origin,  destination,  type  of  origin  and 
destination,  commodity  carried,  and  tire  equipment. 
At  alternate  operations  at  156  stations  total  gross  and 
rear-axle  weights  were  measured  by  means  of  portable 
scales.  Passenger-car  data  included  State  of  regis- 
tration, situs  of  ownership,  purpose  of  trip,  origin, 
destination,  and  number  of  passengers. 

Each  operation  consisted  of  a  10-hour  observation 
period,  alternating  between  6  a.  m.  to  4  p.  m.  and 
10  a.  m.  to  8  p.  m.  Special  observers  tabulated  traffic 
between  8  p.  m.  and  6  a.  m.  at  selected  stations.  Com- 
plete 24-hour  observations  were  therefore  available  at 
these  stations,  which  were  made  the  basis  of  computa- 
tion of  hourly  variations  in  traffic  and  of  average  daily 


traffic  at  all  stations.  Traffic  observations  for  week 
periods  were  also  made  at  selected  stations  to  deter- 
mine variations  in  traffic  by  days  of  the  week.  Sea- 
sonal variations  were  computed  from  the  monthly  opera- 
tions at  all  stations.  Stations  were  operated  on  a  care- 
fully planned  schedule  which  permitted  operations  on 
the  various  days  of  the  week  and  prevented  duplicate 
recording  of  traffic. 

Traffic  was  observed  on  practically  all  sections  of  the 
State  highway  system,  and  stations  were  so  located  as 
to  enable  close  observation  of  the  variations  in  traffic  on 
various  routes  and  sections  of  routes.  Stations  were  also 
located  on  representative  sections  of  the  county  and 
township  highway  systems  in  all  sections  of  the  State. 
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STATE  SYSTEM  CARRIES  LARGE  PERCENTAGE  OF  TOTAL  TRAFFIC 

There  are  in  Ohio  approximately  84,884  miles  of 
rm-al  high^yay,  of  which,  on  January  1,  1926,  11,000 
miles  were  intercounty  highways,  constituting  the  State 
highway  system.  Of  the  remaining  73,884  miles, 
22,991  were  included  in  the  county  system,  and  50,893 
were  township  roads.  Federal-aid  highways  included 
in  the  State  highway  system  aggregated  5,899  miles 
and  the  main  market  road  system  3,486  miles. 

Upon  the  84,884  miles  it  is  estimated  that  in  1925 
there  was  a  motor-vehicle  movement  of  approximately 
3,746,360,000  vehicle-miles.  The  relative  importance 
of  the  State  highway  system  is  indicated  by  the  fact 
that  although  it  includes  but  13  per  cent  of  the  entire 
rural  road  mileage,  it  carried  2,160,435,000  vehicle- 
miles,  or  57.7  per  cent,  of  the  total  motor-vehicle 
traffic  during  1925.  The  average  daily  mo  tor- vehicle 
traffic  per  mile  upon  the  State  highway  system  is  over 
nine  times  that  upon  the  county  and  township  roads. 

The  daily  volume  of  traffic  on  different  parts  of  the 
State  highway  system  varies  widely.  The  number  of 
motor  vehicles  per  average  24  hour  day  varied  from 
5,583  on  route  U.  S.  30,  between  Canton  and  Massillon, 
to  a  minimum  of  less  than  20  vehicles  on  several  unim- 
proved sections.  The  State  highway  system  includes 
4,180  miles,  on  which  the  average  daily  motor-vehicle 
traffic  per  mile  was  less  than  200  vehicles.  County  and 
town  roads  include  a  considerable  mileage,  on  which 
the  average  daily  traffic  was  less  than  5  vehicles  per 
day. 
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Fig.  2. — Mileage  of  State  Highways  by  Traffic  Density 

Classes 

During  1925  the  density  of  horse-drawn  vehicles  was 
recorded  at  all  survey  stations,  but  it  was  early  ap- 
parent that  their  numbers  were  so  few  as  to  warrant 
no  consideration  in  highway  planning.  The  average 
traffic  of  horse-drawn  vehicles  on  State  highways  is 
less  than  7  per  day. 

Motor-bus  traffic  is  important  on  several  of  the 
State  routes.  It  is,  however,  a  specialized  movement, 
and  its  volume  on  any  highway  is  the  product  of  several 
factors  which  have  little  effect  upon  other  motor- 
vehicle  traffic.  Motor-bus  traffic  is,  therefore,  dis- 
cussed separately  in  the  report,  and  the  term  "motor- 
vehicle  traffic"  refers  only  to  passenger  cars  and  motor 
trucks. 

The  complete  report  shows  the  traffic  density  at  each 
of  the  1,158  points  where  traffic  was  observed  during 
the  survey  and  shows  also,  by  counties,  the  routes 
upon  which  traffic  was  observed,  the  averge  density 
of  motor-vehicle  traffic  for  a  24-hour  day,  the  average 
daily  density  of  motor-truck  traffic,  the  normal  maxi- 
mum traffic,  and  the  estimated  traffic  for  1930. 

The  average  daily  distribution  of  total  traffic  on  the 
State  highway  system  is  shown  in  Figure  1 .     The  more 


North  Hill  Viaduct  at  Akron,  Ohio.      Length  2,800 
Feet;  Roadway,  52  Feet;  Built  1921 

important  traffic  routes  of  the  State  are  apparent. 
Figure  2  shows  the  mileage  of  State  highways  by  traffic 
density  classes. 

PRINCIPAL   TRAFFIC   ROUTES   DISCUSSED 

The  largest  volume  of  traffic  of  both  passenger  cars 
and  trucks  is  found  in  the  areas  adjacent  to  large 
centers  of  urban  population  and  on  the  main  through 
routes.  The  concentration  of  traffic  in  the  areas  im- 
mediately adjacent  to  the  larger  cities  of  the  State  is 
apparent.  The  principal  through  routes  are  also  clearly 
evident  as  broad  bands  serving  wide  areas  in  the  State 
and  connecting  the  important  cities  of  Ohio  and  near-by 
States.  The  traffic  importance  of  these  principal 
routes  is  the  result  of  local  traffic  of  the  area  aug- 
mented by  the  traffic  moving  between  larger  centers 
of  population.  Among  the  more  important  of  the 
through  routes  are  the  following:  The  Buffalo-Chicago 
Highway,  crossing  Ohio  near  its  northern  border,  con- 
necting the  Buft'alo  and  Erie  territory  with  Cleveland 
and  surrounding  cities,  Toledo  and  other  points  in 
Ohio,  and  cities  in  Indiana,  Michigan,  and  Illinois; 
the  National  Pike,  from  Bridgeport  through  Zanesville, 
Columbus,  Springfield,  and  Dayton,-  and  connecting 
Wheeling  and  eastern  points  with  central  Ohio  cities 
and  with  cities  in  Indiana,  Illinois,  and  points  west; 
the  Lincoln-Harding  Highway  (route  U.  S.  30), 
through  Canton,  Mansfield,  Marion,  and  Lima,  con- 
necting Pittsburgh  and  Pennsylvania  cities  with  the 
above  cities  in  Ohio  and  with  Indiana  and  Illinois  cities 
to  the  west.  Crossing  the  State  in  a  north  and  south 
direction  are  the  Dixie  Highway,  from  Toledo  through 
Dayton  to  Cincinnati,  connecting  Detroit  and  other 
Michigan  cities  with  areas  south  of  Ohio;  the  Scioto 
Trail,  from  Sandusky,  via  Marion  and  Columbus,  to 
Portsmouth;  the  Cincinnati-Columbus-Cleveland  (the 
"C.  C.  C")  Highway;  and  the  Cleveland-Marietta 
Highway,  via  Akron,  Canton,  New  Philadelphia,  iuid 
Cambridge. 


2  The  National  Pike  is  routed  north  of  Dayton,  but  due  to  the  condition  of  sections 
of  this  route  west  of  Brandt  traffic  on  the  route  passes  through  Dayton. 


66 


PUBLIC    KOADS 


Vol.  8,  No.  i 


The  principal  through  routes  coincide  in  general 
with  the  routes  adopted  for  uniform  marking  by  the 
American  Association  of  State  Highway  Officials  in 
November,  1926,  referred  to  as  United  States  num- 
bered routes,  of  which  the  most  important  east  and 
west  routes  are  U.  S.  20,  30,  40,  and  50,  and  the  most 
important  north  and  south,  U.  S.  21,  23,  and  25. 

Route  U.  S.  20  from  the  Pennsylvania  line  follows 
the  Buffalo-Chicago  Highway  west  through  Ashtabula, 
Cleveland,  Elyria,  Norwalk,  and  Fremont.  A  few 
miles  west  of  Fremont  it  diverges  from  the  present 
heavily  traveled  route  and  continues  through  Perrys- 
burg  and  Maumee  rather  than  Toledo,  thence  north, 
crossing  State  route  2  (the  present  principal  traffic 
route)  and  west  to  the  Indiana  line  over  a  route  at 
present  carrying  very  light  traffic.  From  Conneaut 
to  Fremont  traffic  on  this  route  averages  2,447  vehicles 
per  day;  from  Maumee  to  the  Indiana  line  but  297. 
When  proposed  improvements  on  this  portion  of  route 
U.  S.  20  are  completed,  through  traffic  will  to  a  larger 
extent  use  this  route  in  preference  to  route  2. 


A  Truck  and  Trailer  Combination 

Route  U.  S.  30  follows  the  Lincoln  and  Harding  High- 
ways across  the  State,  from  East  Liverpool  through 
Lisbon,  Canton,  Mansfield,  Marion,  Lima,  and  Van 
Wert.  This  route  is  already  an  important  cross-State 
route,  although  east  of  Canton  through  traffic  has 
followed  the  route  via  Salem  and  East  Palestine  rather 
than  the  route  via  Lisbon  and  East  Liverpool,  as  the 
former  provided  a  more  completely  improved  route  to 
Pittsburgh.  Average  traffic  for  the  entire  length  of 
route  U.  S.  30  is  1,071  vehicles  per  day. 

Route  U.  S.  40,  the  National  Pike,'  from  Wheeling, 
W.  Va.,  passes  almost  due  west  through  Zanesville, 
Columbus,  and  Springfield  to  the  Indiana  fine.  The 
western  end  of  the  route  is  unimproved  at  present, 
with  the  result  that  through  traffic  detours  via  Dayton 
and  Eaton.  Improvement  of  less  than  20  miles  in 
Preble  County  will  open  route  U.  S.  40  as  a  direct  by- 
pass for  through  traffic  north  of  Dayton.  Traffic  'in 
1925  averaged  1,749  vehicles  per  day  on  the  159  miles 
from  Brandt  east  to  the  Pennsylvania  line. 

Route  U.  S.  50  crosses  the'  State  from  Belpre  via 
Athens,  McArthur,  Chillicothe,  Hillsboro,  and  Cin- 
cinnati to  the  Indiana  fine  and  is  one  of  the  less  im- 
portant United  States  routes,  averaging  but  452 
vehicles  per  day.  It  passes  through  few  large  centers 
of  population  and  for  much  of  its  length  is  surfaced 
with  gravel. 


Route  U.  S.  25,  the  Dixie  Highway  from  the  Michi- 
gan line  north  of  Toledo  to  Cincinnati,  is  the  most 
important  north  and  south  through  route  and  is  paved 
throughout  practically  its  whole  length.  South  of 
Franklin,  in  Warren  and  Butler  Counties,  the  new 
route  follows  the  most  direct  course  between  Dayton 
and  Cincinnati.  For  136  miles  north  of  Franklin  the 
average  traffic  is  1,743  vehicles  per  day. 

Route  U.  S.  23  crosses  the  State  from  the  Michigan 
line,  north  of  Toledo,  to  Portsmouth  via  Fostoria, 
Marion,  Columbus,  and  Circleville.  South  of  Marion 
it  follows  the  Scioto  Trail.  On  account  of  the  relative 
lack  of  improvement  in  its  northern  portion,  as  com- 
pared with  the  Dixie  Highway  to  Findlay,  the  traffic 
north  of  Carey  is  very  light.  Between  Marion  and 
Columbus  traffic  averaged  2,160,  and  between  Colum- 
bus and  Portsmouth  it  averaged  978  vehicles  per  day. 

Route  U.  S.  21,  from  Cleveland  to  Marietta,  coin- 
cides with  the  old  Cleveland-Marietta  highway  south 
of  Newcomerstown  and  is  located  west  of  Canton  and 
Akron  to  avoid  the  congested  urban  traffic  of  this  area. 

The  system  of  numbered  United  States  highways  in 
Ohio  when  improved  will  form  a  well-balanced  network 
of  the  more  important  through-traffic  highways  of  the 
State.  Many  of  these  routes  will  serve  a  large  volume 
of  local  traffic.  The  total  traffic  on  each  route  will 
depend  very  largely  upon  the  population  and  develop- 
ment of  the  immediate  areas  which  it  traverses,  and 
traffic  upon  those  routes  which  pass  through  the 
sparsely  populated  sections  of  the  State  will  continue 
to  be  small  as  compared  with  those  routes  which  con- 
nect the  important  sources  of  local  traffic. 

Of  the  11,000  miles  of  the  State  highway  system,  131 
miles,  or  1.2  per  cent  of  the  total  mileage,  carried 
2,500  or  more  motor  vehicles  per  day  in  1925;  858 
miles,  7.8  per  cent  of  the  sj^stem,  carried  1,500  or  more; 
3,239  miles,  approximately  30  per  cent  of  the  total, 
carried  600  or  more;  and  7,761  miles,  70.6  per  cent, 
carried  less  than  600  vehicles  per  day,  of  which  4,180 
miles  carried  less  than  200,  as  shown  in  Figure  2. 

The  routes  carrying  the  largest  daily  volume  of 
traffic  are  with  few  exceptions  in  the  northeastern, 
northern,  and  southwestern  parts  of  the  State,  and  the 
routes  of  least  traffic  importance  are  in  the  south- 
eastern and  northwestern  sections. 

On  the  basis  of  traffic  the  State  is  divided  into  five 
separate  traffic  sections,  each  of  these  sections  being 
subdivided  in  the  order  of  their  traffic  importance  into 
two  or  more  divisions,  somewhat  comparable  with  the 
distribution  of  population  and  industry.  Table  1 
shows  the  mileage  of  State  highways,  by  traffic  classes, 
in  the  fivp  traffic  sections. 


Table    1. —  Mileage  of  State  highways,   by   traffic 
five  traffic  sections 


das 


the 


Section 

All  State  high- 
ways 

Daily  traffic, 
over  1,500 
vehicles 

Daily  traffic, 

600  to  1,500 

vehicles 

Daily  traffic, 

less  than  600 

vehicles 

Miles 

Per  cent 
of  total 
miles 

Miles 

Per  cent 
of  total 
miles 

Miles 

Per  cent 
of  total 
miles 

35.1 
8.5 
11.1 
28.5 
16.8 

Miles 

Per  cent 
of  total 
miles 

Northeastern 

Southwestern 

East-central _ 

Northwestern 

Southern -- 

2,821 

736 

1.285 

3,402 

2,756 

25.6 
6.7 
11.7 
30.9 
25.1 

454 
133 

86 
162 

23 

52.9 
15.5 
10.0 
18.9 
2.7 

836 
202 
265 
679 
399 

1,536 

401 

934 

2,556 

2,334 

19.8 
5.2 
12.0 
32.9 
30.1 

State  total. _. 

11,000 

100.0 

858 

100.0 

2,381 

100.0 

7,761         100.0 
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TRUCK   TRAFFIC   AN  IMPORTANT  FACTOR 

Although  motor-truck  traffic  on  the  State  highway 
system  is  only  9.5  per  cent  of  total  motor-vehicle 
traffic  measured  in  vehicle-miles,  motor-truck  traffic 
is  an  important  factor  in  highway-traffic  planning. 

The  average  gross  weight  of  motor  trucks  using  the 
State  system  is  over  twice  that  of  passenger  cars, 
while  maximum  motor-truck  weights  are  four  times 
the  maximum  weights  of  passenger  cars.  The  impor- 
tance of  the  motor  truck  is  further  emphasized  by  the 
fact  that  many  trucks  are  equipped  with  cushion  and 
solid  tires,  which  are  much  less  effective  in  cushioning 
the  impact  of  the  wheels  than  the  pneumatic  tires 
with  which  the  passenger  cars  are  equipped.  A  study 
of  the  rear-wheel  tire  equipment  of  motor  trucks  using 
the  State  highway  system  shows  that  15  per  cent  of 
all  the  trucks  are  equipped  with  solid  tires  and  a  like 
percentage  with  cushion  tires,  and  that  95  per  cent  of 
the  3  to  73^2  ton  trucks  are  equipped  with  cushion  or 
solid  tires  on  the  rear  wheels. 

Since  motor  trucks  carry  heavier  gross  loads  than 
passenger  cars,  and  the  larger  capacities  are  equipped 
with  solid  or  cushion  tires,  and  because  the  trucks  do 
not  have  the  refinements  in  shock-absorbing  devices 
and  spring  equipment  possessed  by  the  passenger  cars, 
the  motor  truck,  where  it  forms  an  appreciable  part  of 
motor-vehicle  traffic,  presents  a  special  problem  for 
the  highway  builder. 

The  average  daily  density  of  motor-truck  traffic 
paries  greatly  on  different  routes  and  in  various  parts  of 
the  State.  Of  the  11,000  miles  of  State  highways,  299 
miles,  2.7  per  cent  of  the  total,  carried  in  1925,  200  or 
more  trucks  per  day;  629  miles,  5.7  per  cent,  carried  150 
or  more;  1,442  miles,  13.1  per  cent,  carried  100  or  more; 
3,019  miles,  27.5  per  cent,  carried  60  or  more;  and  7,981 
miles,  72.5  per  cent,  carried  less  than  60  trucks,  of  which 
5,305  miles,  48.2  per  cent,  carried  less  than  30,  as  shown 
in  Figure  3.  On  routes  carrying  a  small  average  daily 
truck  traffic,  especially  those  on  which  there  are  less 
than  30  trucks,  and  many  sections  on  which  the  daily 
density  ranges  from  30  to  59  class  the  number  of  trucks 
is  practically  negligible  in  planning  highway  improve- 
ments. An  improvement  sufficient  for  passenger-car 
traffic  will,  with  but  few  exceptions,  prove  satisfactory 
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for  the  small-capacity  trucks  using  these  routes.  On 
those  routes  carrying  60  or  more,  and  particularly  the 
routes  carrying  100  or  more,  the  motor  truck  becomes  an 
important  factor  in  planning  the  improvement  of  the 
highways. 

Sections  of  highway  which  have  a  traffic  of  more  than 
200  trucks  per  day  include  299  miles,  or  2.7  per  cent,  of 
the  total  State  highway  mileage.  On  the  basis  of  the 
traffic  forecast  there  will  be  841  miles  of  State  road  in 
1930  and  1,351  miles  in  1935,  on  which  the  motor-truck 
traffic  density  will  exceed  200  trucks  per  day. 

U.  S.  route  30,  Massillon  to  Canton,  carries  an 
average  of  485  trucks  per  day,  which  is  the  highest 
truck  density  on  any  section  in  the  State.  In  the 
forecast  for  1935,  truck  traffic  on  this  route  is  estimated 
at  1,000  per  day.  Highway  sections  carrying  from  150 
to  200  trucks  per  day  comprise  330  miles,  or  3  per  cent, 
of  the  total  mileage  of  State  highways. 


Fig.  3. — Mileage    of    State    Highway.s    Carrying  Various 
Numbers  of  Motor  Trucks  per  Day 


Milk  and  Other  Dairy  Products  are  Among  the  Prin- 
cipal Commodities  Hauled  by  Trucks 

cities  influence  truck  traffic 

The  more  important  of  the  five  traffic  sections  shown 
ill  Table  1,  from  the  standpoint  of  motor-truck  density, 
are  the  northeastern  section,  where  the  average  daily 
density  of  motor  trucks  is  77  per  mile  of  State  highway, 
and  the  southwestern  section  with  a  density  of  75  trucks. 
The  corresponding  density  is  53  in  the  east-centra 
section,  and  36  in  the  northwestern  and  southern 
sections. 

The  comparative  importance  of  the  northeastern 
section  is  further  emphasized  by  the  fact  that  this 
section  includes  25  per  cent  of  the  total  mileage  of  State 
highways.  The  southwestern  section,  although  of 
almost  equal  truck  traffic  density,  includes  only  7  per 
cent  of  the  mileage  of  State  highways.  The  north- 
western and  southern  sections,  with  a  density  of  only 
36  trucks  per  day,  include  56  per  cent  of  the  State- 
highway  mileage. 

The  size,  location,  and  industrial  development  of 
cities  and  towns  determines  very  largely  the  volume 
of  motor  trucking  on  routes  in  the  several  sections  of 
the  State.  Centers  of  population  and  industry  are  the 
main  source  and  destination  of  goods  transported  by 
motor  truck,  and  the  principal  trucking  routes  are  those 
serving  the  terrritory  adjacent  to  the  larger  cities  and 
those  routes  connecting  centers  of  population. 

The  influence  of  large  cities  on  motor-truck  traffic 
is  clearly  shown  by  the  data  collected .  The  nine  largest 
cities  in  the  State,  in  order  of  population,  are  Cleveland, 
Cincinnati,  Toledo,  Columbus,  Akron,  Dayton,  Youngs - 
town,  Canton,  and  Springfield.     Around  these  cities 
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with  one  or  two  exceptions,  is  found  the  greatest  volume 
of  motor-truck  traffic.  The  influence  of  large  cities 
upon  truck  traffic  in  the  five  sections  of  the  State  is 
shown  in  Table  2. 

It  is  apparent  that  the  high  density  of  truck  traffic 
per  mile  on  the  State  roads  of  the  northeastern  and 
southwestern  sections  is  caused  by  the  large  cities  in 
these  areas.  The  two  sections,  which  together  include 
30  per  cent  of  the  total  area  of  the  State,  include  58 
per  cent  of  the  cities  of  over  10,000  population.  The 
northwestei-n  and  southern  sections,  the  least  important 
regions  of  truck  traffic,  contain  58  per  cent  of  the  area 
and  include  only  24  per  cent  of  the  cities  of  over  10,000 
population. 


A  Typical  Roadside  Market 

The  more  important  trucking  areas,  the  northeastern 
and  southwestern  sections,  have  five  of  the  seven^cities 
between  30,000  and  100,000  population,  and  six  of  the 
seven  cities  of  over  100,000  population.  Cleveland  in 
the  northeast  and  Cincinnati  in  the  southwest  are  the 
predominating  traffic  influences  in  these  two  regions. 

The  motor-truck  registration  per  square  mile,  shown 
in  Table  2,  indicates  the  concentration  of  trucks  in  the 
southwestern  and  northeastern  sections.  The  com- 
paratively low  registration  per  mile  in  the  three  remain- 
ing sections,  especially  in  the  southern  section,  again 
reflects  the  relatively  small  number  of  large  centers  of 
population  and  industry  and  accounts  for  the  lower 
truck-traffic  density  in  these  areas. 

Figure  4  shows  the  distribution  of  motor  trucks  by 
capacity  groups.  Figure  5  the  distribution  of  loaded 
motor  trucks  by  gross-weight  groups.  Figure  6  the 
mileage  of  State  highways  carrying  various  numbers  of 
3  to  73^^  ton  trucks,  and  Figure  7  the  distribution  of 
motor  trucks  by  capacity  classes  in  the  five  traffic 
sections  of  the  State. 

Table  2. — Average  truck-traffic  Oensity  on  Stale  roads  in  the  five 
traffic  sections  of  the  State  compared  with  the  relative  area  of  the 
sections,  their  truck  registration  per  square  mile,  and  the  number 
of  cities  over  10,000  population  in  each 


Aver- 
age 
truck- 
traffic 
density 

Per- 
centage 
of  total 

area 
in  the 

State 

Truck 
registra- 
tion 
per 

square 
mile 
(1924) 

Cities  over  10,000  population,   by 
population  classes  ' 

Section 

To 

Num- 
ber 

tal 

Per 

cent 

10,000 

to 
30,000 

30,000 

to 
100,000 

Over 
100,000 

Northeastern.. 

Southwestern 

East-central 

77 
75 
53 
36 
36 

24 
6 
12 
30 
28 

7.9 
10.9 
2.5 
2.3 
1.3 

22 

7 
9 
7 
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44 
14 
18 
14 
10 

15 
3 
9 
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Fig,  4, — Distribution    of    Motor   Trucks  by   Capacitt 
Groups 
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UNOERS  5-9  10-14  15-19         .  20  21  OVER 

GROSS  WEIGHT-  1000  POUNDS 

Fig.    5. — Distribution    of   Loaded    Motor   Trucks    by 
Gross-Weight  Groups 

It  is  possible  that  the  high  density  of  motor-truck 
traffic  in  the  important  traffic  ar6as  of  the  State  will 
eventually  present  problems  difficult  of  solution. 
Routes  having  a  large  number  of  motor  trucks  also 
carry  a  large  number  of  passenger  cars.  On  such 
routes,  unless  supplementary  highway  facilities  are 
provided,  serious  congestion  problems  will  develop. 
The  mileage  subject  to  this  danger  is  not  large.  In 
1925  there  were  only   15  miles  of  State  highway  on 
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Fig.  7. — Distribution  of  Motor  Trucks  by  Capac- 
ity Classes  in  the  Five  Traffic  Sections  of  the 
State 

which  the  density  of  motor-track  traffic  exceeded  400 
trucks  per  day  and  only  87  miles  where  the  daily  density 
was  greater  than  300  trucks. 

The  relief  of  congestion  which  will  probably  result  on 
a  few  sections  of  the  State  system  undoubtedly  lies 
m  increasing  the  width  of  road  and  creating  separate 
lanes  for  truck  traffic  or  in  the  construction  of  parallel 
routes.  In  either  case  the  segregation  of  passenger- 
car  and  motor-truck  traffic  would  speed  up  passenger- 
car  traffic  and  eliminate  congestion  caused  by  heavy, 
slow-moving  vehicles. 

HIGHWAY    UTIUZATION 

During  1925  traffic  of  passenger  cars  and  trucks  on 
the  84,884  miles  of  rural  highways  in  Ohio  was  approxi- 
mately 3,746,360,000  vehicle-miles.  The  distribution 
of  traffic  varies  greatly  on  the  several  highway  systems, 
on  sections  of  each  system,  and  in  the  several  traffic 
areas  of  the  State.  The  three  classes  into  which  the 
rural  highways  of  the  State  are  divided  are  State 
highways,  of  which  there  are  11,000  miles,  county 
highways,  which  total  22,991  miles,  and  township 
highways,  of  which  there  are  50,893  miles.  The  dis- 
tribution of  vehicle  mileage  on  each  of  these  systems 
or  their  traffic  use  is  shown  in  Table  3  and  Figure  8. 

The  State  highway  system,  13  per  cent  of  the  rural 
highw-ay  mileage,  carries  57.7  per  cent  of  the  traffic 
49354—27 2 


Table  3.- 


-Molor-vehide  utilization  and   mileage,   nf  Ohio  rural 
hiqhtcays,   by  sijstems  ' 


Highway  system 

Mileage 

Per 

cent  of 

total 

mileage 

Daily 
vehicle- 
miles 

Annual 
vehicle- 
miles 

Per 

cent  of 
total 

vehicle- 
miles 

Average 
daily 
traffic 

density 

State  highways 

County  highways 

Township  highways. 

11,000 
22, 991 
50, 893 

13.0 

27.1 
,59.9 

5, 919, 000 
3, 038, 000 
1,307,000 

2,160,43.5,000 

1,108,870,000 

477,  055, 000 

57.7 
29.6 
12.7 

538 
1.32 
26 

Total-- 

84, 884 

100.0 

10, 264, 000 

3,  746, 360, 000 

100.0 

1  Motor  vehicles  refer  to  passenger  cars  and  trucks  only,  excluding  motor  busses. 

measured  in  vehicle-miles.  C-ontrasted  with  this  sys- 
tem is  the  township  highway  system  with  59.9  per  cent 
of  the  highway  mileage  and  only  12.7  per  cent  of  the 
vehicle  mileage. 

The  average  daily  density  of  traffic  on  the  State 
system  is  538  vehicles,  on  the  county  system  132,  and 
on  township  roads  only  26. 

The  distribution  of  highway  mileage  and  vehicle 
mileage  by  highway  systems  in  each  of  the  five  sec- 
tions of  the  State  is  shown  in  Table  4. 
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Fig.  8.  -Comparison  of  Traffic  on  the  State,  County, 
and  Township  Highway  Systems,  and  the  Propor- 
tionate Mileage  of  the  Three  Systems 

The  State  highways  in  the  northeastern  section  of 
the  State,  comprising  25.6  per  cent  of  the  State  high- 
way mileage,  carry  38.3  per  cent  of  the  total  traffic  on 
the  State  highway  system.  In  the  southwestern  sec- 
tion there  is  6.7  per  cent  of  the  State  highway  mileage 
which  carries  9.6  per  cent  of  total  traffic  on  the  system. 
In  contrast  with  these  areas  is  the  southern  section, 
with  25.1  per  cent  of  the  State  highway  mileage  and 
only  16.1  per  cent  of  the  total  traffic  on  the  system. 
Variations  in  traffic  on  the  county  and  township  system 
in  the  five  regions  are  almost  equally  pronounced. 

Traffic  on  the  State  highway  system  also  vanes 
greatly  on  the  different  routes,  ranging  from  more  than 
5,500  vehicles  per  day  on  the  heaviest  route  observed 
to  less  than  50  vehicles  per  day.  The  daily  use  of 
selected  sections  of  the  State  highway  system  is  shown 
in  Table  5  and  Figure  9. 
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Table   4. — Motor-vehicle  utilization  and  mileage  of  Ohio  rural 
highways  in  the  five  traffic  sections 


Table  5. — Average  dailij  traffic  on  selected  sections  of  the  State 
highway  system 


Highway  systems  and  sec- 
tions of  State 

1 
Mileage 
of  high- 
ways 

Per  cent 
of  high- 
way 
mileage 

Daily 
vehicle- 
miles 

Per  cent 
of  daily 
vehicle- 
miles 

Average 

daily 
density 
of  traffic 

State  highways: 

2,821 
73fi 
1,285 
3,402 
2,756 

25.6 
6.7 
11.7 
30.9 
25.1 

2, 268, 000 
571,000 
650,  000 

1, 478, 000 
952,  000 

38.3 
9.6 
11.0 
25.0 
16.1 

804 

Southwestern                

776 

506 

Northwestern                -  - 

434 

345 

Total       -- 

11,000 

100.0 

5, 919, 000 

100.0 

538 

County  highways; 

Northeastern          .  

5,916 
1,788 
2,654 
7,547 
5,086 

25.7 
7.8 
1L6 
32.8 
22.1 

1,128,000 
353,  000 
319,000 
814, 000 
424,  000 

37.  1 
11.6 
10.5 
26.8 
14.0 

191 

197 

East-central                .  „  . 

120 

108 

Southern 

83 

Total                    

22,  991 

100.0 

3, 038, 000 

100.0 

132 

Township  highways: 
Northeastern 

10,625 
2,579 
7,372 
14,889 
15,428 

20.9 
5.1 
14.5 
29.2 
30.3 

428, 000 
102, 000 
184,  000 
326,  000 
267,  000 

32.8 
7.8 
14.1 
24.9 
20.4 

40 

39 

25 

Northwestern         ..- 

22 

17 

Total 

50,  893 

100.0 

1, 307, 000 

100.0 

26 

All  highways: 

19, 362 
5,103 
11,311 
25,  838 
23,  270 

22.8 
6.0 
13.3 
30.5 
27.4 

3,  824, 000 
1,026,000 
1,153,000 
2,  618,  000 
1,  643, 000 

37.3 
10.0 
11.2 
25.5 
16.0 

197 

Southwestern 

201 

102 

Northwestern 

101 

Southern    _         - 

71 

State  total       

84,884 

100.0 

10,264,000 

100.0 
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THE  IntERCOUNTY  SySTEM  THAT  IS  CARRIED  BY  THE  FeDERAL- 

AiD  AND  Main  Market  Highways  and  by  the  Principal 
Routes  of  the  State,  and  the  Mileage  of  the  Several 
Classes   of   Highw.\ys 


Per 

Per 

Per  cent 

Per  cent 

IVIlt 

cent 

Average 
daily 

vehicle- 
miles 

of  daily 

of  daily 

Average 

High- 

of 

of  total 

vehicle- 

vehicle- 

daily 

Sections  of  system 

way 

State 

rural 

miles  on 

miles  on 

density 

miles 

high- 

high- 

State 

all  rural 

of 

way 

way 

highway 

high- 

traffic 

system 

system 

system 

ways 

Federal-aid  system ' 

5,899 

53.6 

6.9 

4, 177, 000 

70.6 

40.7 

708 

United  States  high- 

ways_-  .  ... 

1,878 

17.1 

2.2 

1,  848,  000 

31.2 

18.0 

984 

Main  market  roads. 

3,486 

31.7 

4.1 

3,158,000 

53.4 

30.8 

906 

Selected     principal 

970 

8.8 

LI 

1, 645,  000 

27.8 

16.0 

1,696 

State  highway  sys- 

tem   -- 

11,000 

ion.  0 

13.0 

5, 919, 000 

100.0 

57.7 

538 

'  With  few  e-xceptions  the  Federal-aid  system  includes  all  United  States  highways 
and  main  market  highways  as  well  as  the  roads  designated  as  principal  routes. 

The  Federal-aid  system,  slightly  more  than  half  the 
State  system,  carries  70.6  per  cent  of  the  daily  traffic; 
main  market  roads,  approximately  one-third  the  mile- 
age, carry  over  half  the,  traffic ;  and  the  principal  routes, 
8.8  per  cent  of  the  mileage,  carry  over  one-fourth  of  the 
traffic.  These  divisions  of  the  State  highway  system 
indicate  clearly  the  variation  in  traffic  on  this  system. 

The  distribution  of  passenger-car  and  motor-truck 
traffic  on  the  different  highway  systems  is  shown  in 
Table  6. 

Table  6. — Motor-truck  and  passenger-car  utilization  of  Ohio  rural 
highways,  by  systems 


System 

Daily 
truck- 
miles 

Per  cent 
of  total 
truck- 
miles 

Daily 
passenger- 
car  miles 

Per  cent 
of  total 
passen- 
ger-car 
miles 

Ratio 
of  truck- 
miles  to 

total 
vehicle- 
miles 

State  highways 

565, 000 
332,000 
147, 000 

54.1 
3L8 
14.1 

5, 354, 000 
2, 706, 000 
1, 160, 000 

58.1 
29.3 
12.6 

9.5 

10.9 

Township  highways ._. 

11.2 

Total 

1, 044, 000 

100.0 

9,220,000 

100.0 

10.2 

Motor-truck  traffic  on  the  township  system,  and  to  a 
lesser  degree  on  the  county  system,  is  almost  exclu- 
sively made  up  of  small-capacity  trucks,  while  on  the 
State  system  is  includes  a  larger  proportion  of  medium 
and  large  capacity  trucks. 

There  is  also  considerable  variation  in  the  relative 
number  of  passenger  cars  and  trucks  on  different  routes 
of  the  State  highway  system.  Motor  trucks  vary  from 
less  than  6  per  cent  to  more  than  20  per  cent  of  total 
number  of  vehicles.  The  extremes  of  the  range  are 
found  on  routes  of  minor  traffic  importance;  on  nearly 
all  the  i«iportant  traffic  routes  the  percentage  fal's 
between  7  and  ff.  Passenger  cars  are  found  to  be 
relatively  more  important  on  the  principal  through 
routes,  and  the  greatest  proportion  of  trucks  is  found 
on  important  routes  in  the  industrial  areas  which  are 
not  a  part  of   these  through  routes. 

forecast  of  highway  traffic 

A  knowledge  of  future  traffic,  in  so  far  as  it  can  be 
predicted  with  reasonable  accuracy,  is  essential  in  the 
establishment  of  a  sound  plan  of  highway  improvement. 
A  forecast  based  directly  upon  past  traffic  trends  is  not 
possible,  since  there  is  no  historical  series  of  highway- 
traffic  records  in  Ohio.     Such  records  are  available  in 


June,  1927 


PUBLIC    ROADS 


71 


the  States  of  Maine,  Maryland,  Massachusetts,  Michi-  Table  7.- 
gan,  and  Wisconsin.  Highway  traffic  and  motor- 
vehicle  registration  in  each  of  these  States  have 
increased  at  approximately  equal  rates,  as  shown  in 
Figure  10.  The  great  variations  in  industrial  and 
agricultural  development,  in  population,  in  motor- 
vehicles  registration,  and  in  the  period  of  the  series 
apparently  have  had  no  effect  upon  the  relationship 
between  the  rates  of  traffic  increase  and  motor-vehicle 
registration  growth. 


-Coynparison  of  population  and  numher  of  motor  vehicles 
in  the  State  of  Ohio 


Year 

Registration 
(tiiousands) 

Popula- 
tion 1 
(thou- 
sands) 

Persons  per  car 

Actual 

Esti- 
mated 

-Actual 

Esti- 
mated 

1913... 

86 

123 

181 

252 

347 

413 

511 

621 

721 

859 

1,069 

1,242 

2  1,346 

2  1, 480 

86 

127 

179 

245 

324 

416 

521 

637 

763 

897 

1.038 

1,181 

1, 329 

1,475 

1,621 

1,763 

1,902 

2,035 

2,  607 

5, 095 
5,197 
5,299 
5, 402 
5,504 
5,  606 
5,708 
5,810 
5,913 
6,015 
6,117 
6,219 
6,321 
6,424 
6,526 
6,628 
6,730 
6,833 
7,341 

59.24 
42.60 
29.28 
21.44 
15.86 
13.  .57 
11.17 
9.36 

59  24 

1914... 

40  92 

1915 

29  60 

1910. 

22  05 

1917 

16  99 

I9I8 

13  48 

1919 

10  96 

1920 

fl  12 

1921 

8  20   '              7  75 

1922 

7.00 
5.72 
.5.01 
4.70 

6.71 

1923 

5.89 

1924. 

5.27 

1925 

4.76 

1926 

4.36 

1927... 

4.03 

1928.. 

3.76 

1929 

3.54 

1930.... 

3.36 

1935 

2.82 

YEARS 

Fig.  10. — Trend  of  Highway  Traffic  and  Motor- 
Vehicle  Registration  in  Massachusetts,  Mary- 
land, Maine,  Wisconsin,  and  Michigan 

In  the  absence  of  any  comprehensive  historical  series 
of  traffic  records  in  Ohio  it  has  therefore  been  assumed 
that  highway  traffic  in  Ohio  is  increasing  directly  with 
the  increase  in  motor-vehicle  registration. 

The  increase  of  motor-vehicle  registration  is  a  func- 
tion of  two  variables:  (1)  The  increase  in  population, 
and  (2)  the  increase  in  ownership  and  use  of  motor 
vehicles  in  proportion  to  population,  measured  by  the 
number  of  persons  per  motor  vehicle.  The  past  trend 
of  both  of  these  factors  may  be  determined  from  avail- 
able records. 

Population  changes  are  measured  accurately  by  the 
decennial  census  and  intercensal  estimates  made  by 
the  Bureau  of  the  Census.  Population,  by  years,  as 
estunated  by  the  Bureau  of  the  Census,  from  1913  to 
1923  and  estunates  calculated  by  extension  of  the  census 
method  for  1924  to  1930  and  for  1935  is  shown  in  Table  7. 

The  growth  of  motor-vehicle  registration  in  propor- 
tion to  population,  i.  e.,  the  decrease  in  persons  per 
car,  appears  to  follow  the  same  general  characteristics 
as  the  growth  of  population,  an  early  growth  slow  in 
number  of  vehicles  but  rapid  in  rate  of  increase  followed 
by  a  gradual  decrease  in  the  rate  of  growth. 

The  number  of  persons  per  car  in  Ohio  during  the 
years  1913  to  1925  and  the  extension  of  the  trend  ot 
persons  per  car  to  1935  is  shown  in  Figure  11.  The 
estimated  number  of  persons  per  car  for  each  year  is 
shown  in  Table  7.  . 

Coinbmmg  estunated  population  and  estimated 
number  of  persons  per  car  for  each  year,  the  predicted 
registration  for  each  year  is  obtained.  These  estunates 
are  also  shown  in  Table  7. 


'■  Population  as  of  July  1  of  each  year. 

2  Data  not  available  when  forecast  was  made.    Estimate  differs  by  1.3  per  cent 
rom  actual  value  in  1925,  and  by  0.3  per  cent  in  1926. 
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Fig.  11. — The  Number  6f  Persons  per  Car  in  Ohio  for 
the  Years  1913  to  1935  (Based  on  Estimated  Popu- 
lation FOR  Intercensal  Years) 

On  the  basis  of  these  predictions  it  is  estimated  that 
motor-vehicle  registration  in  1930  will  be  2,035,000, 
with  3.36  persons  per  car,  and  in  1935,  2,607,000,  with 
2.82  persons  per  car.  The  increase  in  motor-vehicle 
registration  between  1925  and  1930  is  therefore  ex- 
pected to  be  51  per  cent  and  the  increase  between  1930 
and  1935,  28  per  cent.  .         . 

The  rate  of  population  change  varies  greatly  in  ditler- 
ent  sections  of  the  State,  as  does  also  the  present  num- 
ber of  persons  per  car. 

The  rates  of  decrease  in  persons  per  car  within  these 
areas,  however,  follow  the  same  principle  and  are 
therefore  in  close  agreement.  . 

To  allow  for  differences  in  the  rate  of  population 
change  and  for  differences  in  the  present  number  of 
persons  per  car  in  the  various  sections  of  the  State,  the 
number  of  persons  per  car,  based  on  estimated  popula- 
tion and  actual  motor-vehicle  registration  in  1925, 
was  obtained  for  each  county  of  the  State.  To  this 
1925  value  for  each  county  was  applied  the  rate  ol 
decrease  in  persons  per  car  for  the  State  between  1925 
and  1930.  The  estimated  registration  for  each  county 
in  1930  was  calculated  by  applying  the  estimated  num- 
ber of  persons  per  car  in  1930  for  each  county  to  the 
estimated  1930  population  of  that  county.  From  the 
actual  county  registration  in  1925  and  the  estimated 
registration  in  1930  the  percentage  increase  in  regis- 

(Continued  on  page  88) 


ANALYSIS  OF  CONCRETE  ARCHES 

PART  I.— DERIVATION  OF  FORMULAS  AND  ANALYSIS  OF  SYMMETRICAL  ARCHES 

By  W.  P.  LINTON,  Highway  Bridge  Engineer,  and  C.  D.  GEISLER,  Associate  Highway  Bridge  Engineer,  United  States  Bureau  of  Public  Roads' 


PRACTICALLY  all  arches  are  designed  by  tenta- 
tively proportioning  the  structure  using  an 
empirical  formula,  or  basing  the  design  on  the 
results  of  previous  experience,  and  then  computing  the 
stresses  in  the  tentative  design  and  making  such 
changes  as  seem  to  be  desirable.  This  is  the  procedure 
followed  generally  in  the  design  of  framed  structures, 
but  in  the  case  of  arches  it  is  a  tedious  and  complicated 
process.  In  1909  the  first-named  author  attempted  to 
systematize  this  procedure  by  developing  a  standard 
set  of  forms  for  tabulating  the  computations  in  such  a 
way  that  the  work  is  as  nearly  mechanical  as  possible 
and  both  the  labor  and  the  probability  of  error  is 
greatly  reduced.  It  has  been  found  possible  to  develop 
a  method  whereby  much  of  the  work  is  the  same  for  all 
arches  and  the  I'esults  of  this  portion  of  the  compu- 
tations can  be  placed  on  the  tracings  which  are  used  for 
printing  the  forms.  The  method  has  been  in  use  since 
1909,  and  it  has  been  found  to  be  satisfactory  in  practice. 
No  attempt  will  be  made  to  discuss  procedure  in 
determining  the  curve  of  the  arch  ring  or  its  thickness 
at  various  points,  as  the  method  of  calculation  pre- 
sented here  may  be  used  in  combination  with  any  of  the 
empirical  or  seimrational  formulas  found  in  various 
textbooks.  The  derivation  of  the  formidas  on  which 
the  method  is  based  is  not  greatly  different  from  that 
found  in  other  places.  It  is  not  necessary  that  these 
derivations  be  at  hand  when  using  the  forms  for  arch 
design,  but  they  are  included  for  convenience  and 
completeness.  The  engineer  who  is  familiar  with  arch 
design  can  proceed  at  once  to  the  explanation  of  the 
forms  under  the  heading,  Calculations  for  a  Symmet- 
rical Arch. 


Fig.    1. — Sketch   of  Axis   of   Arch   Ring  to   Show 
Meaning  of  Symbols  Used 

nomenclature 

The  following  is  the  nomenclature  used  in  this  dis- 
cussion. Figures  1,  2,  3,  and  4  also  illustrate  the  mean- 
ing of  many  of  the  symbols,  and  in  each  of  these  figures 
the  origin  of  coordinates  is  taken  at  the  left  support. 
All  dimensions  are  in  feet  unless  otherwise  stated. 

Ac=the  area  of  the  concrete  in  a  radial  section  of  the  arch 

ring. 
^<,  =  the  area  of  the  steel  in  a  radial  section  of  the  arch  ring. 
A  =  A,+  A,. 
a=the  horizontal  distance  from  the  origin  to  the  point  of 

application  of  a  concentrated  load.     a=k  -^  when 

the  span  is  divided  into  a  number  of  equal  parts,  each 
equal  to  dx. 


B= 


W^iy 


— ^  j ,  a  term  in  the  denominator  of  the 

equation  for    V o   for    unsymmetrical   arches   and 
independent  of  the  loading. 

1    '       /        2!/A\    ,  Icos  4> 


a  term  in  the  denomi- 


dx  'o '     \'        ■^^  /       0 

nator  of  certain  equations  and  is  independent  of  the 
loading. 
d'  =  the  distance  from  the  center  of  the  reinforcing  steel  to 

the  surface  of  the  concrete. 
Z)Z  =  the  change  in  the  span  length  due  to  deformation  of 

the  arch  ring. 
Ds  =  the  change  in  the  length  of  the  arch  axis  due  to  de- 
formation of  the  arch  ring. 
£)r=the  change  in  the  relative  elevation  of  the  supports  due 
to  deformation  of  the  arch  ring. 
D{dx)=  the  change  in  length  of   dx  due  to  deformation  of  the 

arch  ring. 
D{ds)  =the  change  in  length  of  ds  due  to  deformation  of  the 
arch  ring. 
D9=  the  change  in  the  angle  between  the  end  tangents  due 
to  deformation  of  the  arch  ring. 
D{dcj>)=the  change  in  the  angle  d4>  due  to  deformation  of  the 

arch  ring. 
D{dy)  =  the  change  in  length  of  dy  due  to  deformation  of  the 
arch  ring. 
£=  Young's  modulus  of  elasticity. 
£^c=  Young's  modulus  of  elasticity  for  concrete. 
Ss=  Young's  modulus  of  elasticity  for  steel. 
e  =  the  coefficient  of  expansion  due  to  a  change  of  tem- 
perature. 
F=a,  term  in  the  denominator  of  the  equation  for  Fo. 


^  SzA  f  2 — ~  )  for  unsymmetrical  arches  and 


i^^-Sz^A  — 200  2A  for  symmetrical  arches. 
2  0 

/c  =  the  stress  in  the  concrete. 
/s  =  the  stress  in  the  steel. 


"'kH 


y- 


S2/A\ 
"2A  j' 


a  term    in   the  denominator   of  the 


equation  for  Fo  in  unsymmetrical  arches.     G  is  inde- 
pendent of  the  loading. 
H=the  horizontal  thrust;  that  is,  the  horizontal  component 

of  the  thrust  T. 
Ho  =  the  horizontal  thrust  at  the  left  support. 
Hx  =  the  horizontal  thrust  at  a  point  distant  x  from  the  left 

support. 
Ht  =  ihe  horizontal  thrust  caused  by  a  change  of  temperature. 
h—the  thickness  of  the  arch  ring  at  any  point. 
/  =  the  moment  of  inertia  of  a  radial  section  of  the  arch 

ring  about  the  axis  of  the  arch  ring. 
/c  =  the  moment  of  inertia  of  the  concrete  in  a  radial  sec- 
tion of  the  arch  ring  about  the  axis  of  the  arcli  ring. 
/s=fhe  moment  of  inertia  of  the  reinforcing  steel  about  the 

axis  of  the  arch  ring. 
/o  =  the  moment  of  inertia  of  the  steel  about  its  own  axis. 
j  =  the  distance  from  the  axis  of  the  arch  to  the  center  of 
the  reinforcement. 
2a 
k=-r-  when  the  span   is  divided   into  a  number  of   equal 

parts  each  equal  to  dx. 

I  — the  span  of  the  arch  axis. 

M  =  the  bending  moment. 

Mo  =  the  bending  moment  at  the  left  support. 

Mx  =  the  bending  moment  at  a  point  a  distance  x  from  the 

left  support. 

M(  =  the  bending  moment  caused  by  a  change  of  temperature. 

Wi  =  Fo.T  — 2P(a;  — a),  a  term  which  would  be  the  bending 

moment  if  the  arch  were  a  simple  beam  on  two  sup- 

dx 
ports.     When  Pis  unity,  mi  =  [V„z— (z  —  k)]-^- 


,      'The  method  of  arch  analysis  described  in  this  article  and  the  one  to  follow  on 
in  preparing  the  articles  for  publication. 
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unsymmetrical  arches  was  developed  by  W.  P.  Linton.    C.  D.  Geisler  collaborated 
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a   point 
dx 


N—the  normal  component  of  the  resultant  forces  acting  on 
a  radial  section  of  the  arch  ring. 

n=^  =15. 

P=a  vertical  concentrated  load. 

N 
P  =  j>  the  average  stress  on  a  radial  section. 

r=the  difference  in  elevation  of  the  two  supports.     r  =  0 
for  a  symmetrical  arch. 

s  =  the  length  of  the  arch  axis, 
(is  =  the  length  of  one  division  of  the  arch  axis. 

T=the  resultant  thrust  on  a  radial  section  of  the  arch. 

t  =  th.e  number  of  degrees  of  rise  or  fall  of  temperature. 

M=the  eccentricity  of  the  normal  thrust  N. 

F  =  the  vertical  component  of  the  thrust  T  at  any  section. 
r„  =  the  vertical  reaction  at  the  left  support. 
Fi  =  the   vertical  component  of  the  thrust    T  at 
distant  x  from  the  left  support. 

rr  =  the  abscissa  of  any  point  on  the  arch  axis,     x 

dx  =  the  horizontal  projection  of  one  division  of  the  arch  axis. 

2/=  the  ordinate  of  any  point  on  the  arch  axis. 
dy=  the  vertical  projection  of  one  division  of  the  arch  axis. 

2x 
2=T-  when  the  span  is  divided  into  a  niunlier  of  equal  parts 

each  equal  to  dx. 

ds 
I 

=  the  angle  between  the  end  tangents  to  the  arch  axis 
(fig.  3). 


2  =  the  summation  of  all  terms  between  tlie  left  support  and 
"         the  concentrated  ](jad  distant  o  from  tlie  left  support. 


=  the  summation  of  all  terms  from  the  concentrated  load 
to  the  right  support. 


S  =  thc  summation  of  all  terms  from  one  support  to  tlie 
•         other. 


2  =  2.      When  no  limits  are  specified,  it  is  understood  that 
"  the  summation  is  to  be  taken  from  one  support  to 
the  other. 

<^  =  the  angle   which   any   radial   section   makes   with   the 
vertical.     (See  fig.  3.) 


A= 


JIx 


Fig.   2. — Hingeless  Arch  Acted   Upon   by  Load  F 

derivation  of  formulas 

A  hingeless  arch  is  statically  indeterminate,  that  is, 
the  stresses  in  it  can  not  be  computed  from  the  prin- 
ciples of  statics  alone.  Let  Figure  2  represent  a  portion 
of  a  hingeless  arch  acted  upon  by  one  or  more  loads  P 
and  held  in  equilibrium  by  the  forces  and  moments 

49354—27 3 


shown.  There  are  six  unknown  quantities  H^,  F„, 
Mo,  Hx,  V-c,  and  M^,  but  only  three  independent 
equations  can  bo  written  from  statics.  For  a  single 
vertical  load  these  equations  are  as  follows: 

M,=  Mo+VoX~Ihy-P{x-a). 

To  determine  the  six  unknown  quantities,  three 
additional  equations  must  be  supphed  from  some  other 
source,  and  they  may  be  derived  by  considering  the 
elastic  properties  of  the  arch  ring. 


Fig.  3. 


-Diagram  for  U.se  in  Derivation  of  Formulas 
FOR  Stress  in  an  Elastic  Arch 


Referring  to  Figure  3,  let  ABCD  represent  a  very 
small  portion  of  the  arch  ring,  cut  out  by  radial  planes 
AB  and  CD.  Let  the  length  of  this  small  segment, 
measured  along  its  center  line,  be  ds  and  let  the  angle 
between  the  planes  AB  and  CD  be  (l(t>.  Both  ds  and 
d(j>  are  very  small,  and  since  the  depth  AB  of  the  arch 
ring  is  small  compared  with  the  radius  BG,  the  lengths 
AC  and  BD  may  be  considered  equal  to  ds  without 
appreciable  error  in  the  results. 

When  the  arch  is  subjected  to  loads  or  a  change  of 
temperature,  there  will  be  stress  and  deformation  in 
the  element  ABCD.  If  we  consider  ABCD  to  be 
separated  from  the  rest  of  the  arch  ring,  the  internal 
stresses  in  it  must  be  held  in  equilibrium  by  external 
forces,  so  let  us  assume  that  T  is  the  resultant  of  all 
the  external  forces  acting  on  the  plane  AB  and  N  the 
component  of  T  perpendicular  to  AB.  There  is  also 
a  component  of  T  parallel  to  AB,  but  it  will  cause  only 
shear  in  the  arch  ring,  which  will  be  small  and  may  be 
neglected.  Neglecting  the  component  parallel  to  AB 
is  equivalent  to  assuming  that  iVis  the  resultant,  which 
we  shall  do.  The  forces  acting  on  the  plane  AB  are 
of  course  not  concentrated  in  N,  but  are  distributed 
over  the  plane,  and  we  shall  assume  that  they  vary 
uniformly  from  the  value  at  A  to  the  value  at  B.  Then 
if  A  is  the  area  of  the  plane  AB,  the  unit  force  or  the 

t  internal  stress  actmg  at  A  will  be  I  T+ oT  J'  ^'^^ 
^^  (N     Mh\ 

M,  the  bending  moment  is  equal  to  Nu,_  u  being  the 
distance  from  the  axis  of  the  arch  to  the  line  of  action 
of  N.  M  is  considered  positive  when  u  is  positive,  that 
is,  when  N  acts  above  the  axis  of  the  arch,  and  nega- 
tive when  u  is  negative. 


uni 


74 


PUBLIC    ROADS 


Vol.  8,  No.  4 


Consider  first  tho  olasticity  of  only  the  element 
ABCl)  and  jissume  that  the  arch  is  fixed  at  the  point 
L  and  free  to  move  at  point  ()  and  that  the  entire  ring, 
with  the  exception  of  the  element  ABCD,  is  rigid. 
The  plane  CD  will  then  he  fixed  and  the  plane  AB  will 
move  until  the  internal  stresses  in  the  element  ABCD 
are  in  equilil)rium  with  the  bending  moment  M  and 
the  thrust  N.  The  plane  AB  will  move  to  some  posi- 
tion as  A'B'.    The  unit  stress  in  the  extreme  fiber  AC 

'     and  since  we  can  assume  the  length 


wiiibe(;j+  2/;- 


of  this  extreme  fiber  to  l)e  equal  to  the  average  length  ds 

of  the  element,  the  distance  AA'  will  be  -  (  j^+  21  )e' 

Likewise    the   unit  stress    in    the    fiber    BD    will    be 

(  ^  -  .^  .  j,  and  the  distance  Bii  will  be  - 1  ^^^  -  ^r  )  p^'  "^ 

which  E  is  the  modulus  of  elasticity  of  the  material 
comprising  the  arch  ring.  AA'  and  BB'  are  both  nega- 
tive quantities  because  they  represent  decreases  in 
the  lengths  AC  and  BD,  i-espectively,  and  as  it  is 
assumed  that  N  is  positive,  minus  signs  must  be  placed 
in  front  of  the  two  quantities,  as  shown. 

The  movement  of  the  plane  AB  may  be  considered 
as  taking  place  in  two  separate  stages:  First,  as  mov- 
ing along  the  axis  of  the  arch  ring  from  E  to  E',  during 
which  it  remains  parallel  to  its  original  position;  and 
second,  as  rotating  around  the  point  E',  through  an 
angle  D{d(i>)  and  taking  the  position  A'B'.  The  dis- 
tance EE'  which  the  plane  AB  moves  along  the  axis 
of  the  arch  ring  is  called  D{ds)  because  that  is  the 
change  in  the  length  of  ds.  Likewise,  the  angle  through 
which  it  turns  we  call  D{d4>)  because  that  is  the  change 
in  the  angle  dcf). 

When  ds  and  d4>  increase  in  magnitude,  D(ds)  and 
D(d<j))  will  be  considered  as  positive,  and  when  ds 
and  d(j)  decrease  in  magnitude  D{ds)  and  D{d(j))  will 
be  considered  as  negative.  In  the  figure,  the  angle 
r/0  is  decreased  by  the  deformation;  therefore  the 
angle  D{d(f>)  is  negative. 


The  angle  D{d(t>)  is  equal  to 


AA'-BB' 

h 


and  since 


AA'  is  equal  to  — (  a'^^Tt)  c''    ^'^^  ^^'    '^^  equal   to 

/N     Mh\ds   ^,   ^       .^   r, ,,  ,  .  - 

—  I  -^  —  v,T  I  rr>  the  angle  U{d4>)  is  equal  to 


[-( 


which  reduces  to  — 


m\ds 
21  J  E 

Mds 
EI' 


Therefore  D{d<j>)=-  M 


/N_m\dni 

\a      'IljEJh' 


EI- 


Then 


OF     EF      y       ,^^  .         . 

^Yfr  =  ?Ypi  =  r)%i ■    (Oi'  represents  an  increase  in 


span  of  arch  and  is  therefore  positive.) 

0¥  =  0K^=~0EDid4>)^ 
Or,  OF  =-D{d<j>)y 
But,  D((Z0)  =  -  M^j 
ds 


(1) 


Also, 


Therefore,  0F=  +  My  j^j. 
FK    OP      X 


(2) 


pTj^  — Typ,  — Typ*     (FK    represents    an    upward 

movement  of  the  arch  at  point  O  and  is  therefore  posi- 
tive.) 

FK  =  OK(yg=  -OE  Didcl>)~ 


Or,  FK=  ~D{d4,)x 
ds 


By  substitution,  FK=  +  Mx 


EI 


(3) 


Now  let  us  return  and  consider  the  effect  on  the 
point  O  of  the  other  stage  of  the  movement  of  the 
plane  AB,  that  is,  its  movement  along  the  axis  of  the 
arch  during  which  it  remains  parallel  to  its  original 
position.  It  is  apparent  that  during  this  movement  of 
the  plane  AB  the  change  in  position  of  the  point  O 
will  correspond  exactly  with  that  of  the  point  E;  that 
is,  point  O  will  move  a  distance  equal  to  D{ds).     Now 

D{ds)  is  equal  to  2(AA'+BB'),  or  to 


l< 


which  reduces  to  — 


MIi\ds _(N_  Mh\d^'\ 
^  21  )e    \A      2I)e\ 

Nds 
AE' 


Therefore,  D(ds)=^- 


Nds 
AE 


(4) 


dx  and  dy  are  the  horizontal  and  vertical  projections 
of  ds,  and  smce  4>  is  equal  to  the  angle  which  ds  makes 
with  the  horizontal,  dx=ds  cos  <j>,  and  dy  =ds  sin  <t>; 
also  D{dx)  =D{ds)  cos  <{>  and  D{dy)  =D{ds)  sin  </>. 


By  substitution,  D{dx)  = 


Nds 
AE 


cos  4) 


Ndy 
AE- 


Now  consider  the  eft"ect  on  the  point  O  of  the  rotating 
of  the  plane  AB  through  the  angle  D{d<i>).  The  arch 
ring  is  free  to  move  at  O.  Since  that  part  of  the  ring 
between  O  and  E  is  rigid,  when  the  plane  AB  turns 
through  the  angle  D{d<i))  the  line  EO  will  likewise 
describe  the  same  angle.  During  this  rotation  the  andZ)((Zt/)  = 
point  O  will  move  through  an  arc  of  a  circle  to  K. 
OK  will  then  be  equal  to  OE  times  the  angle  D{d(i)) ; 
and  since  the  angle  Z>(^(^)  is  negative,  OK  =  -  OE  D{d4>). 
Since  the  angle  D{d4>)  is  very  small,  we  may  consider 
that  OK  is  a  straight  line  and  that  the  angle  EOK  is  a 
right  angle.  From  geometrv,  the  angle  FOK  is  equal 
to  the  angle  PEO. 


*  and  D  {dy)  =  —  .p,  sin  0 

fix  uv 

Substituting  the  values  of  cos  4^  =  -f'  and  sin  <^  =  Tr' 


(5) 


(6) 


Equations  5  and  6  give  the  horizontal  and  vertical 
changes  in  position  of  the  point  O  caused  by  the 
thrust  N. 

We  now  have  the  changes  in  position  of  the  point  O 
caused  by  both  the  bending  moment  M  and  the  thrust 
N  acting  on  the  element  ABCD  when  the  point  0  is 


June,  1927 


PUBLIC    HOADS 


75 


Dl  = 


-^  I     Eo  A 


E 


(12) 


(13) 


free  to  move  and  all  of  the  arch  is  rigid  except  the 
element  ABCD.  So  far  we  have  not  considered  what 
caused  the  bending  moment,  M,  and  the  thrust,  N,  but 
in  the  preceding  discussion  it  does  not  matter.  Let  us 
consider,  however,  that  the  moment  and  thrust  were 
produced  by  vertical  loads.  Then  if  the  element 
ABCD  undergoes  a  change  of  temperature  there  will 
be  an  additional  movement  of  the  point  O.     Since  O 

and  the  plane,  AB,  are  free  to  move,  this  movement  will  in  which  E  is  a.  constant  and  ma}^  be  taken  outside 
be  simply  a  change  of  length  of  ds,  which  we  may  call 
D tids),  and  is  equal  to  et(ds),  in  which  t  is  the  number 
of  degrees  of  change  of  temperature  and  e  is  the  co- 
efficient of  expansion  of  the  material  comprising  the  equal  to  r 
arch  ring.  Thus  D  ,{ds)=et{ds).  In  the  same  manner 
we  find  that: 


of  the  sununation  sign,     '^dx  is  equal  to  I,  and  'Zdy  is 


D  ,{dx)  =  et{dx) --(7) 

and  Dt{dy)=et{dy) (8) 

We  now  have  in  equations  1  to  8,  inclusive,  expres- 
sions for  the  change  in  the  angle  d<l)  and  the  horizontal 
and  vertical  displacements  of  point  O  with  respect  to 
point  L  as  produced  by  the  action  of  both  vertical 
loads  and  temperature  and  when  only  the  element 
ABCD  is  affected. 

Let  D{dl)  equal  the  horizontal  movement  of  the 
point  O  with  respect  to  L,  and  let  an  increase  in  span 
length  be  considered  as  positive. 

Let  D{dr)  equal  the  change  in  elevation  of  the  point 
O  with  respect  to  the  point  L,  and  let  an  increase  in 
elevation  of  point  O  be  considered  as  positive. 

Then,  D{dl)=0¥  +  D(dx)^Dt{dx) 

Didr)  =  FK'D{dy)-D,{dy) 


Or,  D{dl)=  +  My^j-^  +  et{dx). 
D(dr)-  +  Mx^j+^y-etidy). 


(9) 


(10) 


In  equations  1,  9,  and  10  we  have  expressions  for  the 
change  in  the  angle  d4>  and  the  horizontal  and  vertical 
displacement  of  point  O  relative  to  point  L  as  produced 
by  the  deformation  of  the  element  ABCD.  If  the 
entire  arch  ring  were  elastic,  we  would  find  the  total 
displacement  of  point  O  relative  to  point  L,  as  caused 
by  the  deformation  of  the  entire  arch  ring,  by  taking 
the  sum  of  the  movements  of  point  O  as  caused  by  the 
deformation  of  all  of  the  elements.     Therefore,  let 

1)6  =  the  change  in  the  angle  9  caused  by  the  deforma- 
tion of  the  entire  arch  ring, 

DZ  =  the  change  in  span  length  caused  by  the  deforma- 
tion of  the  entire  arch  ring,  and 

Dr  =  the  change  in  the  elevation  of  point  O  relative  to 
point  L  as  caused  by  the  deformation  of  the 
entire  arch  ring. 


Then,  I>e=--gii/y 


(11) 


'  Throughout  this  article  where  limits  are  given  with  the  summation  sign  such 
as  S  it  is  intended  to  indicate  that  these  limits  are  values  of  x  or  in  this  instance 

o 

'i  .    Where  no  limits  are  given,  they  should   be  assimied  as  being  between  i  =  l 
andj  =  o. 


In  the  previous  discussion  it  has  been  assumed  that 
the  arch  ring  is  fixed  at  the  right  end  and  free  to  move 
at  the  left  end,  and  we  have  derived  equations  11,  12, 
and  13,  which  give  the  amount  of  the  change  in  the 
inclination  of  the  tangent  to  the  arch  axis  at  the  free 
end  and  also  the  horizontal  and  vertical  movements 
at  that  end. 

Let  us  now  imagine  a  horizontal  thrust.  Ho,  a  vertical 
reaction,  ¥„,  and  a  bending  naoment,  M„,  all  applied  at 
the  free  end  and  of  exactly  sufficient  intensity  to  bring 
the  free  end  of  the  arch  ring  back  to  its  original  posi- 
tion. Under  these  conditions  Dd,  Dl,  and  Dr  will  each 
be  equal  to  zero,  so  we  may  write: 

2  i/A  =  0 (14) 

o 

i:MyA-i^Jx  +  etlE=0 (15) 

0  o  -A 

iMx^  +  i^dy-etrE=0 (IG) 

0  oA  ^ 

ds 


in  which  A  is  equal  to  -j 


Fig.    4. — Arch    Ring 


With    Unit   Load 
a  p^ROM  Support 


AT    Point    Distant 


In  these  equations,  M  and  N  are  the  bending  moment 
and  thrust  at  any  point  in  the  arch  ring,  of  which  point 
X  and  y  are  the  coordinates.  These  equations  are  true 
for  any  condition  of  loading,  but  for  our  present  purpose 
we  shall  consider  only  a  single  load  of  unity  placed  a 
distance,  a,  from  the  left  support  (fig.  4). 
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Then: 

AI  =  Mo  +  V„x  -  Hoi/,  when  x  <  a  1       ^  ^  x 

i/=  Mo  +  V\x  -  HoV  -  (x  -  a),  when  x>a\'-  ^ 

N=n  cos  </.+  Fsin0 .--(18) 

in  which,  Mo,  F„,  and  //„  are,  respectively,  the  bending 
moment,  the  vertical  reaction,  and  the  horizontal 
thrust  at  the  left  support. 

In  the  following  mathematical  transformations,  x 
and  y  are  the  variables,  while  a  remains  constant. 
Therefore,  Mo,  V„,  and  Ho  are  constants  because  they 
depend  on  a  and  not  on  x  or  y.  For  that  reason  they 
may  be  taken  outside  of  the  summation  signs. 

Substituting  equations  17  and  18  in  equations  14, 
15,  and  16  we  have: 

i[Mo+VoX-Hoy\^ 

0 

+  i[Mo  +  VoX  -  Hoy  -  (x  -  a)]  A  =  0 

a 

i:[Mo+VoX-Hoy]yA 

0 

+  i[Mo+VoX-Hoy-ix-a)]yA 

a 

'/H  cos  </>  +  F  sin  </)^ 


)dx  +  etlE=0 


:^[Mo+VoX-Ho^J]xA 


+  i:[Mo+  VoX- Hoy-  {x- a ) ]xA 

a 

These  three  equations  may  be  written: 
Mo^A+  VoZxA-Ho^yA~'^{x-a)A  =  0 


MoZyA  +  Vo^xyA  -  HoZy^A  -  2  (a;  -  a)yA 


-in  '''-l^-  dx-iv  '^  dx  +  etlE=0 
A  0        A 

Mo^xA  +  F^Sx^A  -  Ho-^xyA  ~^{x-a)xA 


+  iH''''/  dy+iv'-^  dy-etrE=0 
0        A      ^     0        A      ^ 

In  the  last  two  equations  H  and  V  are  still  inside  the 
summation  sign,  but  H=Ho  and  is  therefore  constant. 

Also,   F=  Vo,  iov  x<a 

F=  V „—  1,  for  x>a 

Making  this  substitution  in  the  three  equations,  we 
have: 


Mo  2A  f  Vo  ^xA-Ho  ^yA-  2  {x-a)A  =  Q 
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Mo  S  2/A  +  Vo  2  xyA -Ho^y^A-^  {x- a)yA 

0  i>  0  a 

-Ho^'^'/dx-VoX'^dx 
-iVo-l)  ^^^dx  +  etlE=0 

n        -A 

II  t  I 

Mo  ZxA+  Vo  2  x^A  -Hoi:  xyA  -  S  (x  -  a)xA 

0  0  o  a 

,     rr     L  COS  (p    -,       ,     rr     ^^   sin  <b   , 

+  Ho  S  -,  ^dy+  Vo  2  -j^dy 

+  {Vo-l)i~'^dy-etrE=^0 
These  three  equations  may  be  written: 
i¥„  2  A+  F„  2a-A-i7„  2  t/A  -  2  {x-a)A  =  0 (19) 

0  0  0  a 

II  II 

Mo  2  ?/A  +  Fo  2  xyA  ~  Ho  2  ?/A  -  2  (x  -  a)yA 

O  0  0  0. 

-Hoi'^dx-Vol'^'^-dx 

+  i^-^dx  +  etlE=0 (20) 

Mo  2  xA  -\-  Vo  2  x^A  -  11  o  2  xyA  -  2  (x  -  (/)d:-A 

0  o  0  a 

,  Tj   icos(t>,       ,^   4  sin  </)  J 
+  //„  2  ^^  dy  +  V„  2  -J-  dy 

-i^^^dy-etrE^O (21) 

From  equation  19 

,,       jj  2?/A      „  ^xA  ,11,         s  . 
^0  =  ^^^  2A  -  ^"-XA  +  2A:  (^  -  « )^ 

vSubstituting  this  value  of  Mo  in  equations  20  and  21 
and  collecting  the  terms  containing  Ho  and  Vo,  we  have: 

2'mA  '  ' 

=  -  /.-2(a;-a)A  +  2(x-a)?/A 

—  2 — -, — dx  —  etlE,  and 
o     ^ 
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„  r     (2xA)^     ^^.^^        sin_0 ,  "I  In  the  above  equations  the  terms  containing  sin  </> 

"L        2A  A      ^J  and  cos  0  are  those  which  include  the  effect  of  the  axial 

or  direct  stress.     To  neglect  them  would  be  to  neglect 

+  HJXxA^4-^'^y^  +  ^^^dvl  ^?^    axial    stress    which    is    somethnes    done    because 

L         2A  -^  A      -^J  it  is  usually  a  small  part  of  the  total  stress.     It  may 

not  be  desirable  to  neglect  this  stress  entirely,  but  we 
XxA  ^  ,         ,        I  can  shorten  the  work  considerably  by  neglecting  some 

=  -  2A  ^  (^  ~  ^)^  +  2  (^  ~  a)xA  of  the  terms. 

Til,    4.  V  sin  <^        2     „  sin  <^  ,  2     ^  cos  <h  -, 

The  terms  2  -^,    ^^^.^^dy,    j^^^y^-/dy, 

+  i:—.-^dy  +  etrE=0  'sin<t>  ,      2     ^sin.^,  „  „ 

a    A  ^'AT^  JdxS^       Ay   ^^^  ^^^"^  small   com- 

These  two  equations  may  be  written:  pared^with  the  terms  to  which  they  are  added,  and 

probably  no  accuracy  will  be  sacrificed  by  neglecting 

fy   a/       SyA\     ^  sin  (^ ,  "I  them.     The  data  upon  which  all  of  the  terms  depend 

Koj^-xA^y-  2^  )~'^~~Ar     \  ^^c  oJDtained  by  scaling  a  large-scale  drawing,  and  this 

drawing,  while  probably  more  accurate  in  dimensions 

TJ  Ft   \(       ^2/^\  _L  V  cos  (^  ,  "1  than  the  dimensions  of  the  arch  as  built  is  not  suffi- 

—  iioY^yAyii  -  2^^  +  ^    ^    otxj  ciently  accurate  to  make  the  above-mentioned  terms 

significant. 

=  2  (x  -  a)A(y  -  ^f)  -  2  ^"2  '^dx  -  etlE (22)        Omitting  the  above-mentioned  terms,  we  have : 

^  =|2(2-A:)A(2/-^)-20d£ (26) 

„r        /       2yA\     ^cos</,  ,  "I  "^^  ^        -^^^ 

-Ho\  2xA(y-^)-2— f^(?y 

^"2^K'"  2A  r  ^"^^K^~ 


=  i(x-a)A(.-^^)+f-^^,+  ..rK-....(23)  ^i^^,,)  Y   _2.AX 

^  a  \  2A / 


2  A/ 

+  (i?^^^'^ (27) 

hetx  =  z  ~  and  a  =  ]c  ^  •  In  these  two  equations  the  coeflftcients  of  Ho  and  V„ 

2                     2  contain   no   summptions   except   those   for   the   entire 

-iTfru       .1                •     J-    -J  J  •    4-     on           1  ^     *-     „     u    arch  ring.     For  that  reason  these  coefl^icients  are  inde- 

When  the  spanjs  divided  mto  20  equal  parts  each    p^^^ent  of  the  loading   and   may   be  considered    as 

of  length  dx,  Z  =  40  -^  •   We  can  consider  dx  as  a  constant    constants. 

,  •  ,  1  Therefore  we  may  let: 

and  2  as  a  variable. 

Making  these  substitutions,  and  dividing  equation  22  „     1        /       2yA\  ,     , 

^  (gxY  ^^o^^Ky~y\} ^^^^ 

by  <fe  and  equation  23  by  - 2^^  we  have:  .  ^        -^^  ^ 

-^U^y<y-'^ty^"^]  -K-ff) '-' 

G-^^zA(y-^^^) - (31) 

^  «  ^        z/^  /      a    ^  Then  the  two  equations  may  be  written : 

TIT  r  1  x>    .  /       2?/A\         2     ^  cos  <^  ,   1 

14,,       , ,     /        22A\  ,      2     4.  sin  </)  , 
=  2M2-A;)Af0-2^!+  (gx)^^~j^"y  From  the  first  of  these  two  equations: 

^,etrE (26)  ff.-''.C-c[2!(-^^-lf)-2»^'4-'''' 


2 

(dxY 


+  -i7.V2  etrE 


+  7:^2 
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and  hv  substitution; 


(44) 


2a 


{z- 


h)A(i 


2A  /     {dxf 


BG 
C 


/oau- 


If  )-20  e.E 


^] 


BG 
C 


(33) 


It  is  more  convenient  to  consider  the  effect  of  the 
loads  and  tempei'ature  separately.  When  the  effect 
of  the  loads  is  considered  without  a  change  of  tem- 
perature, t  in  the  formulas  becomes  zero.  Then  the 
effect  of  a  change  of  temperature  may  be  computed 
by  making  the  terms  which  contain  the  effect  of  the 
loads  equal  to  zero. 

Making  this  separation  and  collecting  the  formulas 
which  are  used  in  computing  the  stresses  in  an  arch 
ring,  we  have: 


F„ 


2^ 

Equations  34  to  44,  inclusive,  are  applicable  to  all 
concrete  arches  with  fixed  ends,  whether  symmetrical 
or  unsymmetrical.  However,  if  the  arch  is  symmetri- 
cal, some  of  the  terms  in  the  above  equations  will  be- 
come zero  and  the  equations  will  be  simplified. 

If  the  arch  is  symmetrical,  the  values  of  A  will  be 
symmetrical — that  is,  the  value  of  A  for  point  1'  will 
be  the  same  as  for  point  1  and  for  point  2'  the  same  as 
for  point  2,  etc.  The  value  of  z  for  points  1  and  1' 
combined  is  (1 +39)  =  40  and  for  points  2  and  2'  com- 
bined it  is  (3 +  37)  =  40  and  in  the  same  way  for  all 
pairs  of  symmetrical  points  combined  the  value  of  z  is 
always  40.  Therefore,  for  symmetrical  arches  ZzA  = 
20 2A.  The  values  of  y  are  also  symmetrical  and  we 
have22:2/A  =  20  2?/A. 

These  values  transform  equation  28  as  follow^s: 


fi  =  ^20Ah/ 


/        2,yA\ 


i^(.-«A(.--f) 

-.(34) 

glz,-.,.(,-|f) 

Therefo 
5  =  0 
'^     2 

l  =  ^2.2/A-^20A|f 

^X2022/A-^X202A^ 
102.vA-102?/A  =  0 


Therefore,  for  symmetrical  arches 


BG 


XzAfi 


Hn 


F.5-^2(.-^.)a(,-^) 


.(35) 


2e-A-2002A 


Cr  =  0  for  the  same  I'eason  as  given  for  B 


J     ■,   I  V   A  ^     V  A  Therefore,    for    symmetrical    arches    w^e    have    the 

i/„  =  ||  I  2  (z-k)  A  +  H,^^f-  VA^  |^^--(36)    following  formulas: 


2A2  a 

(  Fu,  for  X  <  a 
F.= 

1  Fo  —  1 ,  for  x>a 

Hr  =  H„ 


2A 


2     2A 


M, 


dx 
\Ma  +  F„2   .J  -  H„y,  for  x <  a 

M,\-\  V,z  -'iz-k}\^^~  H,y,  for  x  >  a 


A^x"-  //o  cos  4>  ]   r^  sill  (/> 

,l'\,  +  20-^ 
1  t  = bTt —  et  h 


F 


BG 


(37) 
(38) 
-(39) 

(40) 

(41) 


FORMULAS  FOR  SYMMETRICAL  ARCHES 


^-t^y^iy-'i^y-r 


F  =  2222a -2002A 


2  (z-Jc)  (2-20)  A. 


Ho 


A^i^My-W' 


(45) 


(46) 


lit 


V,  B  +  20  etE 


(42) 


i/»  =  ~^^2(2-^)A  +  i/„^-20fF„ (47) 


^^=-^(^-t)-^^%-|f)--(43) 


y  =  /  ^0'  when  x  <  a 

Fo  —  1 ,  for  a  single  unit  load  when  x  >  w 


(48) 
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Hx  —  Ho 

Mx=M„^^V„z-{z~lc)Y~~Hoy (49) 

Nx  =  H cos  04-Fisin(^ (50) 

F,  =  0 (51) 

Ht^^Q'-^ (52) 

Mt  =-Ht(y-^^^) (53) 

fc-j±^2I (54) 

The  term      \       in   some   of   the   equations  includes 

the  effect  of  the  so-called  axial  or  rib  shortening  stress. 
This  stress  is  sometimes  considered  separately  from  the 
other  stresses  and  sometimes  is  neglected  entirely.  If 
the  rise  of  the  arch  is  relatively  large,  the  axial  stress 
is  sniall  and  little  accuracy  is  sacrificed  by  neglecting  it, 
but  if  the  arch  is  flat  its  effect  is  considerable  and  it 
should  not  be  neglected. 

Since  it  is  easily  taken  care  of  on  the  forms,  there 
appears  to  be  no  good  reason  for  neglecting  it  or  separ- 
ating it  from  the  rest  of  the  stress,  so  it  will  be  left  in 
the  formula  and  on  the  fonns  in  its  correct  place,  and 
the  axial  stress  will  be  included  in  all  cases. 

CALCULATIONS  FOR  A  SYMMETRICAL  ARCH 

The  method  of  making  the  calculations  for  a  sym- 
metrical arch  can  best  be  explained  by  working  out  an 
actual  example,  and  each  step  will  be  taken  up  in  order 
and  explained  in  detail.  All  calculations  are  entered 
in  Tables  1  to  9,  forms  for  which  can  be  provided  on 
five  sheets  of  letter-size  paper,  and  these  forms  are 
grouped  in  the  text  as  used  by  the  authors.  Numerical 
values  and  plus  and  minus  signs,  which  are  the  same 
for  all  arches,  are  shown  in  boldface  type.  In  actual 
practice,  blank  forms  made  by  the  w^hite-print  process 


and  showing  column  headings  and  other  information 
common  to  all  symmetrical  arches  are  used.  The 
formulas  to  be  used  are  those  developed  for  symmetri- 
cal arches.  The  formulas  and  forms  for  unsymmetrical 
arches  could  be  used,  but  most  arches  are  symmetrical, 
and  the  work  is  much  reduced  by  using  the  simplified 
rather  than  the  general  formulas. 

Assume  that  a  60-foot  arch  is  to  be  designed  for  a 
uniform  live  load  of  125  pounds  per  square  foot  (con- 
centrated loads  may  be  used  without  difficulty)  and 
that  the  arch  must  withstand  temperature  stresses 
caused  by  a  rise  in  temperature  of  30°  F.  or  a  drop  of 
40°  F.  The  tentative  proportions  of  the  arch  and  its 
reinforcement  are  determined  and  half  of  the  arch  ring 
plotted  on  detail  paper  on  a  scale  of  1  inch  to  2  feet. 
The  rather  large  scale  is  used  because  the  stresses  to 
be  determined  will  depend  on  scaled  dimensions  from 
this  drawing.  A  similar  drawing  on  a  smaller  scale  is 
made  on  letter-size  paper  to  accompany  the  tables  of 
calculations  as  illustrated  in  Figure  5  (sheet  1  of  forms). 

After  plotting  one-half  of  the  arch  ring,  draw  the 
axis  of  the  arch  ring,  which  is  a  curve  lying  halfway 
between  the  intrados  and  extrados.  Draw  a  vertical 
line  through  the  springing  line  of  the  intrados  until  it 
intersects  the  arch  axis  as  shown  in  Figure  5.  This 
point  is  the  origin  of  coordinates  and  is  referred  to  as  the 
origin,  or  point  0.  Through  the  origin  draw  a  horizontal 
line,  and  on  this  line  divide  the  half  span  into  10  equal 
parts.  The  length  of  each  part  will  be  equal  to  dx. 
On  sheet  2  (Tables  1,  2,  and  3)  of  the  forms  record  in 
the  places  indicated  the  values  of  I,  dx  and  the  rise, 
which  is  the  vertical  distance  from  the  arch  axis  at  the 
crown  to  the  horizontal  line  drawn  through  the  origin. 
At  the  center  of  each  dx  erect  a  perpendicular  to  inter- 
sect with  the  arch  axis,  and  mark  these  intersections 
1,  2,  3,  etc.  In  working  out  this  example  maximum 
stresses  will  be  determined  at  points  0,  3,  8,  and  lOj^ 
and  the  abutment  pressure  on  the  foundation  deter- 
mined. 

The  general  method  of  procedure  is  to  place  a  load  of 
unity  successively  at  each  of  the  points  on  the  arch 
ring  and  compute  coefficients  which  can  be  applied  to 
the  actual  dead  and  live  loads  for  determining  moments, 
shears,  and  thrusts. 


5   °RODS   I2"CT0C.- 
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9.3 TONS  PER  SQ.FT. 


Fig.  5. — Sketch  of  Arch  to  Accompany  Calculation  Sheets 


80 


PUBLIC   EOADS 


Vol.  8,  No.  4 


Table  1. — Computations  for  A 


Table  2. — Computations  for  Vo 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

i2 
a 
'5 
Pi 

A 

A3 

12. 167 

7.762 
3.  443 
2.197 
1.643 
1.331 
1.158 
1.061 
1.061 
1.000 

i.noo 

/.  =  '" 
''    12 

h 
2 

1- 

(1 

nA. 

/=/.+/. 

ds 

-¥ 

z-20 

(z-20)A 

2  (2-20)  A 

mz-k)Q 

2! 

z'A 

Vo 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

2.30 

1.98 
1.51 
1.30 
1.18 
1.10 
1.05 
1.02 
1.02 
1.00 

inn 

1.014 

.647 
.287 
.183 
.1.37 
.111 
.096 
.088 
.088 
.083 
.083 

1.15 
.99 
.75 
.65 
..59 
.  55 
.,'>2 
.51 
.51 
..50 
..50 

0.98 
.82 
.58 
.48 
.42 
.38 
..35 
.34 
.34 
.33 
.33 

0.960 
.672 
.336 
.230 
.176 
.144 
.122 
.116 
.116 
.109 
.109 

0.112 
.079 
.039 
.013 
.010 
.008 
.007 
.007 
.007 
.006 
.006 

1.126 
.726 
.326 
.196 
.147 
.119 
.103 
.095 
.095 
.089 
.089 

4.7 
10.1 
16.2 
21.3 
26.0 
29.6 
3L8 
31.7 
33.7 
33.7 

—  19 

—  17 

—  15 

—  13 

—  11 

—  9 

—  7 

—  5 

—  3 

—  1 

3.43 
3.29 
3.17 
3.13 
3.09 
3.05 
3.02 
3.01 
3.00 
3.00 

89.3 

—  171.7 

—  243. 0 

—  276. 9 

—  286. 0 

—  266. 4 

—  222.6 

—  1.58. 5 

—  101. 1 

—  33.7 

+           89.3 
+          261.0 
+         504. 0 
+          780. 9 
+      1,066.9 
+       1,333.3 
+       1,555.9 
--       1,714.4 
-■       1,815.5 
-  ■       1.  849.  2 

+    20,091.6 
+    20, 002.  3 
+     19,741.3 
+     19,237.3 
4-     18,456.4 
+     17,389.5 
+     16,056.2 
+     14,  .500.  3 
+     12,785.9 
+     10,  970.  4 

1,522 

1,378 

1,250 

1,138 

1,042 

962 

898 

850 

81S 

802 

7, 153.  4 
13,917.8 
20,  250.  0 
24,  239.  4 

27,  092.  0 

28.  475.  2 
28,  556.  4 

26,  945.  0 

27,  566.  4 
27.  027.  4 

1. 00000 
. 99556 
.  98256 
.  95748 
.  91861 
.  86551 
.  79915 
.  72171 
.63638 
.  54602 

iZA  = 

238.8 

-     1.  849.  2 

+     10,970.4 

Zz'A=      231,223.2 

Table  3. — Computations  for  H„ 


19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

'3 

Ph 

y 

A 

yA 

2.VA 

a(j/ 

2yA\ 

2A/ 

I 

ZA 

a 

ikz-ic)Q 

yA^ 

"      2A  / 

cos  0 

C05    <t> 

A 

Ho 

0 
1 

0.838 

.874 

0 
0.88 

4.7 

4.136 

-  4.976 

_ 

23. 387 

+ 

23.  352 

0.000 

_ 

20.  681 

0.441 

0.000 

?. 

2.32 

10.1 

23.  432 

-  3.536 

— 

35.  714 

+ 

.59.  066 

23.352  i- 

82.  856 

.911 

.603 

+ 

.062 

3 

3.51 

16.2 

56.  862 

-  2.346 

— 

38.  005 

+ 

97.  071 

-           82.418    - 

133.  398 

.946 

.728   -- 

.219 

4 

4.48 

21.3 

95.426    -  1.376 

— 

29.  309 

+ 

126.380 

-         179.489  i- 

131.  304 

.948 

.804    -- 

.478 

5 

5.29 

26.0 

137.540    -  0.566 

_ 

14.  7]  0 

+ 

141.  096 

-        305.869  1- 

77,  848 

.971 

.  883  1-  - 

.815 

fi 

5.93 

29.6 

175.  528    +  0.  074 

+ 

2.190 

+ 

138.  906 

-         446.965  1  + 

12.  987 

.984 

. 938   -  - 

1.191 

7 

6.48 

31.8 

206.064  i+  0.624 

+ 

19.  843 

+ 

119.063 

-         585.871   ,+ 

128.  583 

.993 

.974  I-- 

1.561 

8 

6.85 

31.7 

217.145    +  0.994 

+ 

31.  510 

+ 

87.  553 

-         704.934    + 

215.  844 

.996 

.976  r- 

1.878 

9 

7.10 

33.7 

239.  270    +  1.  244 

+ 

41. 923 

+ 

45.  630 

792.487    + 

297.  653 

1.000 

1.000  -- 

2.111 

10 

7.21 

33.7 

242.  977    +  1.  354 

+ 

45.  630 

0.000 

838.117    + 

328.  992 

1.000 

1,  000   -  - 

2.232 

i2!/A= 

1,398.378  1 

0.000  1 

838.117 

i2=    + 

538.  072 

J2  = 

8.  347  1                     1 

8pan  = 
RLse  = 


=  Z  =  60.00  ft. 
=  7.22  ft. 

dr=  2^Q  =3.00 


dx  =  1.50 


fSA 


=  5.85585 


F=  ~Sz2A-200  2A  =  20,091.() 

4U 


=i.^^^0 


SA/ 


+  S  5^=375.409 
A 


F„= 


if^- 


■fc)(z-20)A 


Ho= 


-2J<-"<»-if) 


„      20  etE     34560,     +2,762  ,^  ,_ +30 
" '  =  ^C~'"~'C~"      -3,682  ^^"^ '- -40 


Col. 


15=^2  (z- A:)  (2- 20)  A 


Col.  26  =  ^-2(2 -A)  A 


(„- 


SA  / 


Table  I. — Computations  for  A. — Scale  accurately  the 
thickness  of  the  arch  ring  /?,  at  each  point  and  set  down 
the  result  in  column  2.  Columns  3  to  9,  inclusive,  are 
used  in  finding  the  moments  of  inertia  of  the  sections 
of  the  arch  ring  at  the  various  points.  /=/(.  +  /,,  in 
which  /  is  the  total  moment  of  inertia  of  the  section 
about  the  axis  of  the  arch,  Ic  the  moment  of  inertia  of 
the  concrete,  and  7^.  the  moment  of  inertia  of  the  steel. 
It  is  convenient  to  consider  a  strip  of  the  arch  ring  1  foot 

in  width  and  scale  all  dimensions  in  feet,  then  Ic  = 


or,  since  6  =  1,  /c  = 


12' 


12' 
which  is  tabulated  in  column  4 


7s  =  /o  +  ^s/  in  which  Jj  is  the  moment  of  inertia  of 
the  steel  about  the  axis  of  the  arch,  /<,  is  the  moment  of 
inertia  of  the  steel  about  its  own  axis,  Ag  is  the  area  of 
the  steel,  and  j  is  the  distance  from  the  axis  of  the  arch 
to  the  axis  of  the  steel.  wSince  the  strength  of  steel  is 
equivalent  to  n  times  that  of  the  same  area  of  concrete, 
and  all  of  the  dimensions  are  in  feet,  yl,,  in  the  above 
formula  must  be  taken  as  equal  to  n  times  the  total 
area  of  steel  in  square  inches  divided  by  144. 


^=-^^  =  1.5 


.1  =  0  -^ 


Crete  to  the  center  of  the  steel.  /<,  is  so  small  that  it 
may  be  neglected. 

Having  computed  /  for  each  section  and  having  the 
results  tabulated  in  column  9,  next  scale  ds  for  each 
section  along  the  axis  of  the  arch  ring.  The  values  of 
A  are  then  computed.  This  should  be  carefully  done 
because  there  is  no  check  on  the  work  and  the  accuracy 
of  all  of  the  rest  of  the  columns  will  depend  on  the 
accuracy  of  column  11, 

Special   method   of  computation  for   terms   involving 

1    ' 

^  2(2- 

9 


■¥). — Column  12  (also  16  and  32)  is  the  same  for 


all  arches  and  is  already  filled  out  on  the  printed  form. 
In  preparing  the  forms  the  values  of  z  for  the  different 

dx 


2 


in  which  d'  is  the  distance  from  the  surface  of  the  con- 


points  have  been  determined  from  the  formula  x  =  z 

By  inspection  of  Figure  1  it  is  evident  that  the  value 
of  z  for  point  1  is  1,  for  point  2  it  is  3,  for  point  10  it 
is  19,  etc. 

The  numerators  of  the  formulas  for  V„  and  Ho  and 
one  term  of  the  formula  for  M^  contain  a  term  which 
may  be  written  in  the  form, 
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In  each  of  these  formulas  Q  has  a  different  value,  but 
the  method  of  procedure  in  arriving  at  the  value  of  the 
above  expresssion  is  the  same  in  each  case  and  the  term 
Q  is  used  in  order  that  a  single  explanation  may  serve 
for  three  cases. 

In  the  formula  for  V^,  Q=  {z-20)  A 


In  the  formula  for  H„ 


In  the  formula  for  Mg,  Q  =  A. 

In  each  case  Q  depends  solely  on  the  properties  of 
the  arch  and  has  the  values  Qi,  Q,,  etc.,  for  the  points 
along  the  arch  ring. 

We  will  consider  first  the  formula  for  Mo  because  we 
have  there  the  values  of  Q  =  A  for  the  entire  arch  ring 
while  in  the  other  two  cases  we  have  the  values  of  Q 
for  only  one-half  of  the  arch  ring.  Column  35  of  Table 
4  is  copied  from  column  11  of  Table  1.  Table  4,  A, 
has  been  inserted  to  show  the  manner  in  which  the 
values  in  columns  36  and  37  are  secured.  This  table 
and  Table  4,  B,  are  not  part  of  the  forms  and  are  in- 
serted for  purposes  of  explanation  only.  Column  36 
of  Table  4,  A,  shows  that  -Q  for  any  point  is  the 
sum  of  values  of  Q  for  ail  points  to  the  right  of  the 
point  considered  and  is  a  matter  of  successive  addition 
starting  at  the  bottom  of  the  column. 

To  understand  the  derivation  of  column  37  in  Tables 
4  and  4,  A,  it  is  necessary  to  study  Table  4,  B.  In  this 
table  it  is  considered  that  a  unit  load  is  successively 
placed  at  each  point  and  in  each  case  the  value  of 

1  ' 

k'^{z  —  1c)Q  determined  for  each  point  to  the  right  of 

the  load.  Values  are  not  determined  to  the  left  of  the 
load  since  the  formula  requires  the  values  only  where 

2  is  greater  than  Jc.  At  the  point  of  load  application  z  is 
equal  to  k  and  the  expression  becomes  zero.  The  deter- 
minations of  z  and  Jc  for  Table  4,  B,  are  obvious  from 

1  / 
an  examination  of  Figure  1.    The  value  ol    '^  (z  —  Jc)  Q 

^  a 

for  a  unit  load  at  any  point  is  the  sum  of  the  column 
headed  k  (2  —  ^')  Q  and  bearing  the  proper  point  designa- 
tion. An  inspection  will  show  that  the  totals  of  these 
columns  are  the  same  as  the  quantities  obtained  in 
column  37  of  Table  4,  A,  by  the  simple  process  of 
successive  addition. 

Table  2. — Computations  j or  F^,. — We  can  now  return 
to  Table  2  of  the  forms  and  compute  the  values  of  Vo 
from  the  formula 

I 
i2(2-fc)(2-20)A 

Vo  =  -^ 

^Zs^A  -  2002;A 

In  this  formula  Q,  as  used  in  the  preceding  explanation 
is  equal  to  (2  —  20jA.  The  values  of  (2  —  20)  are  the  same 
for  all  arches  when  the  arch  ring  is  divided  into  20  parts 
so  they  are  permanently  printed  in  column  12  of  the 
forms.  The  values  of  (2  —  20)A  are  computed  by  multi- 
plying each  term  in  column  11  by  the  corresponding 
term  in  column  12  and  the  results  written  in  column  13. 
If  Table  2  were  made  out  for  the  entire  arch  ring  the 
computation  of  columns  14  and  15  would  be  exactly  as 
explained  for  columns  36  and  37  in  Table  4,  A,  but  due 
to  the  symmetry  of  the  arch  ring  it  is  necessary  to  use 
only  the  points  on  one  side  of  the  crown. 

The  values  of  A  are  symmetrical.  That  is  the  value 
of  A20  is  the  same  as  Ai,  etc.  The  values  of  (2  — 20) 
on  the  right-hand  side  of  the  arch  are  numerically  the 


same  as  those  on  the  left  but  with  the  opposite  algebraic 
sign.  Therefore  the  values  of  Q  =  (2  -  20)A  on  the  right- 
hand  half  of  the  arch  are  the  same  numerically  as  those 
on  the  left  but  of  opposite  algebraic  sign.  Referring  to 
Table  4,  A,  we  see  that  the  quantity  in  column  36 
for  point  10  is  (Q20+Q19  •  •  •  Qu)  which  is  equal 
to— (Q1  +  Q2  ■  •  ■  Qio)-  Therefore  we  find  the  sum 
of  column  13  and  write  it  opposite  point  10  in  column 
14  but  with  opposite  algebraic  sign.  We  then  continue 
the  process  of  successive  addition  to  the  top  of  the 
column  as  previously  explained. 


A  Filled-Spandrel  Arch   op  the   Type  Illustrated  by 
THE  Example 

Referring  to  Table  4,  A,  we  see  that  the  quantity  in 
column  37  opposite  point  10  which  corresponds  to  the 
bottom  figure  in  column  15  of  Table  2  is  (IOQ20  +  9Q19 
•  •  •  Qn)  and  this  is  equal  to  the  sum  of  column  14. 
Therefore  we  find  the  sum  of  column  14  and  write  it  in 
the  bottom  space  of  column  15.  Next  we  add  the  figure 
in  column  14  opposite  point  9  and  set  down  the  result 
in  column  15  opposite  ppint  9  and  continue  the  process 
of  successive  addition  to  the  top  of  the  column.  Exam- 
ination of  column  37  of  Table  4,  A,  and  column  14  of 
Table  2  will  demonstrate  the  correctness  of  this  pro- 
cedure. As  a  partial  check  on  the  numerical  work  it 
should  be  noted  that  the  top  figure  of  column  14 
is  numerically  the  same  as  the  top  figure  of  col- 
umn   13.     Column    15    now    contains    the    values    of 

^2(2  — 1)(2  — 20)A  for  a  unit  load  placed  successively 

at  each  point  on  the  left  half  of  the  arch  ring. 

The  denominator  of  the  equation  for   Vo]  that  is, 

F=^22^A  — 2002A,  is  independent  of  the  loading  and 

is  easily  computed.  The  values  of  2-  are  permanently 
printed  in  column  16  of  the  forms  and  for  convenience 
the  symmetrical  values  are  combined;  that  is,  for  points 
1  and  20,  2^=  (1^  +  39')  =  1522.  For  points  2  and  19 
combined,  2^=  (3^  +  37^)  =  1378,  etc. 

Column  17  is  computed  by  multiplying  each  term 
in  column  16  by  the  corresponding  values  of  A  in  column 
11.     The  sum  of  column  17  is  equal  to  22^A  and  the 

sum  of  column  11  is  equal  to  r,  2A.     The  value  of  F 

is  then  computed  and  entered  on  the  form.  As  a 
check  on  the  numerical  work  it  should  be  noted  that 
the  top  figure  of  column  15  is  equal  to  the  value  of  F. 

Vo  can  now  be  computed  and  tabulated  in  column  18 
by  dividing  each  term  in  column  15  by  F  or,  since  it  is 
easier  to  multiply  than  to  divide  on  most  calculating 
machines,  it  will  be  quicker  to  find  the  reciprocal  of  F 
and  multiply. 
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Table  4,  A. — Supplementari/  table  to  explain  method  of  computing -^7: {z  —  k)  Q 


4-z(z-k)Q 


19  Q20+18  ei9 +2  Qj  +Q2 

18  020+17  Qi9 +2  Q4  +Q3 

17  Qm+m  Qi9 +2  Qs  +Q, 

16  Q20+I5  Qi» +2  Qe  +Q5 

15  Q20+14  Qi9 +2  Q7  +Q6 

14  ©20+13  Qi9 +2  Qs  +Q7 

13  Q20+12  Qi9 +2  Q9  +Qa 

12  Q20+II  Qio +2  Q10+O9 

11  Q20+IO  Qi9 +2  Qn+Qio 

10  Qm+  9  Q,» +2  Q12+Q11 

9  Q20+  8  Qi9 +2  Qi,i+Qi2 

8  Q2i)+  7  Qif +2  Qu+Qiz 

7  02(1+  fi  Q.9 +2  Q15+Q14 

6  Q20+  5  Qi9 +2  Q16+Q15 

5  Q20+  4  Qi9 +2  Q17+Q16 

4  Q20+  3  Qi9  .   .  .  +2  Q1S+Q17 

3  Qzo+  2  Q,9+Qi8 

2  Q20+       «19 
Q20 

0 


1  ' 


Table  4,  B. — Supplementary  table  to  explain  the  metliod  of  compu'ing  -'S,{z  —  k)Q 


z 

Q 

Load  at 

point  20 

k  =39 

Load  at 

point  19 

fe=37 

Load  at 
point  18 
fc=35 

Load  at 

point  17 

i-33 

Load  at 

point  16 

i=31 

Load  at 

point  15 

t=29 

Load  at 

point  14 

fc=27 

Load  at 

point  13 

t=25 

Load  at 

point  12 

A- =23 

Load  at 

point  11 

fc=21 

a 
I 

1 

.it: 

.^ 

1 

1 

2; 

1 

1 

® 
S" 

^ 

1 

1 
5 

9 
i 

1 

1 

5 

1 

1^ 

1 

5 

5 

1 

1 

1 

® 
5 

1 

1 

1 

1 

1 

1 

1 
3 
5 
7 
9 
11 
13 

1'; 

O2 

Qt 
Qf 
Qio 

Qm 

©12 
Ql3 
Ql4 

Qis 

©17 

Qii 
Qig 

Q20 

1 

1 

1 

"> 

i 

■\ 

1 

4 

■i 

1 



fi 

' 

7 

1 

I 

1 

g 

1        1 

1 

1 

1 

9  !   17 

1        1 

1 

1 

in 

19 

21 
23 
25 
27 
29 
31 
33 
35 
37 
39 

._ 

11 

1 

1                           1 

1 

! 

0 
2 
4 
6 
8 
10 
12 
14 
16 
18 

0 

1 

2 
3 

4 
5 
6 
7 
8 
9 

0 

1? 

1 

1 

1 

0 
2 
4 
6 
8 
10 
12 
14 
16 

0 

1 

2 
3 

4 
5 
6 
7 
8 

0 
e,3 

2Qh 
3Qi6 

4Qi6 
5Qi7 
6Q,8 
7Qi9 
8Q20 

IQl! 

13 

1 

0 
2 
4 
6 
8 
10 
12 
14 

0 
1 
2 
3 

4 
5 
6 

7 

0 
Qu 

2Qi5 
3Qi6 
4Qi7 

5Q,8 
6Q,9 
7Q20 

2Qi3 

14 

1 

I                  1 

0 
2 
4 

6 
8 
10 
12 

0 

1 

2 
3 

4 
5 
6 

0 

2Q,6 
3Q,7 

4Q,8 
5Q.9 
6Q20 

3Qi4 

15 

I 

1 

0 
2 
4 
6 
8 
10 

0 
1 
2 
3 

4 
5 

0 

2Qi7 
3Qi8 

4Q,9 
5Q20 

4Qi5 

Ifi 

1 

1 

0 
2 
4 
6 
8 

0 
1 
2 
3 
4 

0 

Ql7 

20,8 

30,9 

4Q20 

5Qis 

17 

1 

0 
2 

4 
6 

0 

1 

2 
3 

0 

2Q,9 
3Q20 

6Q17 

18 

0 
2 

4 

0 

1 

2 

0 

Ql9 

2Q20 

7Qi8 

19 

1 

0 
2 

0      0 

8Qig 

20 

6     6  1  0 

1 

1 

Q20 

9Q20 

Load  at 

Load  at 

Load  at 

Load  at 

Load  at 

Load  at 

Load  at 

Load  at 

Load  at 

Load  at 

point  10 

point  9 

point  8 

point  7 

point  6 

point  5 

point  4 

point  3 

point  2 

point  1 

z 

Q 

k  = 

19 

t  = 

17 

fc  =  15 

fc  = 

13 

k  = 

11 

k=9 

k  = 

7 

k  = 

5 

k  = 

3 

k  = 

1 

» 

» 

» 

» 

<S 

» 

Of 

Of 

^ 

& 

w 

•V 

.ii 

S" 

S" 

S" 

2? 

•ti 

-« 

S" 

S" 

-« 

-^4 

^ 

^ 

^ 

2" 

•^ 

^ 

•±>; 

•a 

0 

1 

N 

il 

-iij 

•^ 

L 

-itf 

It 

.^ 

di 

:s: 

^\ 

s; 

S 

:s; 

s; 

s; 

:s 

:j; 

5 

:s 

* 

X 

X 

w 

X 

sj 

X 

:s; 

s: 

X 

1 

1 
3 

5 

Q2 

1     1 

1 

0 
2 
4 
fi 

0 
1 
2 
3 

0 

2 

1 

0 
2 

4 

0 

1 
0 

0 

©3 

2Q4 

3  Qs 

4  Qs 

5  Q7 

6Q8 
7Q« 
8Q10 

Q2 

3 

.....:._/: 

' 

0 
0 

0 
1 

0 

Qi 

2Q5 

3  06 

4  Q7 

5  Qs 

6  Qt 

7Qio 

2  Qi 

4 

n 

0 

0 

3  Qi 

4  Qi 
5Qi 

6Q7 
7  Qi 

8Q» 
9Q,o 

5 

9 

Qs 

n 

n 

6 

0 

1 

Qi 

2Q6 

3  Q- 

4  Qs 

5  Qt 

eoio 

4 

9 

6 

3 

H 

4 

fi 

11 

Ot 

n 

0 

0 

•> 

1 

Qe 

4 

■) 

6 

3 

8 

4 

10 

5 

7 

13 

<?7 

n 

n 

0 

? 

1 

Q, 

4 

? 

2  Qy 

fi 

3 

g 

4 

10 

5 

12 

6 

S 

15 

<?i 

n 

n 

0 

? 

I 

Qs 

4 

2 

2  Q8 

fi 

3 

3  Qs 

s 

4 

10 

5 

12 

fi 

14 

9 

17 

Q9 

n 

n 

0 

2 

1 

Qn 

4 

9 

2  Q, 

6 

s 

3  Q9 

4Q,o 

g 

/) 

4  Qo 

5Q,o 

10 

5 

12 

6 

7 

14 

7 

16 
18 

g 

10 

19 

Qio 

0 

0 

0 

2 

1 

Q.o 

4 

2 

2Qio 

6 

3 

3Qio 

8 

4 

10 

5 

12 

6 

14 

16 

8 

9 

11 

21 

Qn 

2 

1 

Qn 

4 

2 

20,1 

6 

3 

3Q,i 

8 

4 

4Q„ 

10 

5 

5Q„ 

12 

6 

6Q,i 

14 

7 

7Qii 

Ifi 

8 

8Q11 

18 

9 

9Q„ 

20 

10 

lOQ.i 

12 

23 

(in 

4 

2 

2Qi2 

6 

3 

3Q,2 

8 

4 

4Qi2 

10 

5 

50,2 

12 

6 

6Q,2 

14 

7 

7Qi2 

16 

8 

8Q12 

18 

9 

9Qi2 

20 

10 

IOQ12 

22 

11 

lie,2 

13 

25 

y.3 

6 

3 

3Qi3 

8 

4 

4Q,3 

10 

5 

5Qi3 

12 

6 

6Q,3 

14 

7 

7Qi3 

16 

8 

8Q13 

18 

9 

9Qi3 

20 

10 

IOQ13 

22 

11 

11Q,3 

24 

12 

12Q,3 

14 

2/ 

Ql4 

8 

4 

4Qi4 

10 

5 

5Qn 

12 

6 

6Q14 

14 

7 

7Qi4 

16 

8 

8Q14 

18 

9 

90,4 

20 

10 

IOQ14 

22 

11 

110,4 

24 

12 

12Q,4 

2fi 

13 

13Q,4 

15 

29 

Ol5 

lU 

5 

5Q,s 

12 

6 

CQis 

14 

V 

7Qi5 

16 

8 

8Q,5 

18 

9 

9Q,5 

20 

10 

10Q,5 

22 

11 

IIQ15 

24 

12 

12Qi5 

2fi 

13 

13Q,5 

28 

14 

14Qi5 

lb 

31 

Q16 

12 

b 

6Q16 

14 

V 

7Qic 

16 

8 

8Q,6 

18 

9 

9Q,o 

20 

10 

IOQ16 

22 

11 

llQia 

24 

12 

12Q16 

26 

13 

13Q,« 

28 

14 

14Q,6 

30 

15 

15Qig 

1/ 

33 

«1J 

14 

/ 

7Qi7 

16 

8 

8Q,7 

18 

9 

9Q,7 

20 

10 

10Q,7 

22 

11 

IIQ17 

24 

12 

12Q,7 

26 

13 

13Qi7 

m 

14 

14Q,7 

30 

15 

15Qi7 

32 

Ifi 

160,7 

18 

35 

Q18 

lb 

8 

8Q18 

18 

9 

9Qi8 

20 

10 

lOQie 

22 

11 

llQis 

24 

12 

I2Q1S 

26 

13 

13Q,8 

28 

14 

14Qi8 

30 

15 

15Q,8 

32 

16 

I6Q18 

34 

17 

17Qi8 

19 

3; 

Ql9 

18 

9 

9Qi9 

20 

10 

lOQ,. 

2-2 

11 

IIQ19 

24 

12 

12Qi9 

26 

13 

13Qi9 

28  ,14 

14Qi9 

30 

15 

15Qi9 

3? 

Ifi 

16Q,9 

34 

17 

17Q,9 

36 

18 

I8Q19 

20 

39 

Q20 

20 

10 

IQO20 

22 

11 

IIQ20 

24 

12 

12Q20 

26 

13 

13Q2C 

28 

14 

14Q20 

30    15 

IEQ20 

32 

16 

IOQ20 

34 

17 

17Q20 

36 

18 

I8Q20 

38 

19 

19020 

June,  1927 


PUBLIC    ROADS 


83 


Tahle  3. — Computations  for  H„. 
computing  Hg  from  the  formula 


-Table  3  is  used  in 


Ho  = 


■IK-^X-lk^) 


In  this  formula  the  denominator  C  is  equal  to 

and  is  independent  of  the  loading.  The  numerator 
depends  on  the  position  of  the  unit  load  and  is  computed 
in  a  way  similar  to  that  used  for  the  formula  for  F^. 
Values  of  y  are  scaled  from  the  drawing  and  tabulated 
in  column  20.  For  convenience  the  values  of  A  are 
copied  in  column  21.     The  values  of  yA  are  found  by 

multiplying,  and  then  the  value  of  -y^  niay  be  found 

by  dividing  the  sum  of  column  22  by  the  sum  of  column 
11.     Column  23  is  computed  by  subtracting  the  con- 

stant  value  of  -^.    from  each  value  of  y.     Then  column 

24  may  be  computed  by  multiplying  each  term  in  col- 
umn 23  by  the  corresponding  value  of  A.  The  sum  of 
column  24  should  be  zero.  If  it  is  not  it  is  due  to  some 
inaccuracy  which  should  be  found  before  going  further. 
The  error  will  be  in  column  21,  22,  23,  or  24.  Of  course 
allowance  should  be  made  for  the  fact  that  decimal 


is  independent  of  the  loading  and  is  computed  in  col- 
umns 27,  28,  and  29  as  indicated  by  the  headings  of  the 
columns.     Cos  ^  is  tabulated  in  column  28.     It  might 

(LIT' 

be  computed  from  the  formula  cos  <P=  j  >  but  since  cos  <^ 

varies  so  little  for  small  angles  it  will  be  found  more 
accurate  to  compute  sin  4>  from  dimensions  scaled  on 
the  drawing  and  then  find  the  corresponding  values  of 
cos  </)  in  a  table  of  trigonometric  functions. 

Column  29  is  computed  by  dividing  each  term  in 
column  28  by  the  area  A.  Since  a  strip  of  the  arch  ring 
1  foot  wide  is  being  considered,  A  is  equal  to  Ji  plus  n 
times  the  area  of  steel  in  square  feet.  Since  the  area 
of  steel  in  square  feet  is  small  and  the  effect  of  cos  </>  is 
relatively  small,  it  is  sufficiently  accurate  to  assume, 
for  this  purpose,  that  A  is  equal  to  h.  C,  the  denomi- 
nator of  the  equation  for  Ho,  is  found  by  dividing  the 
sum  of  column  27  by  }/2  dx  and  adding  twice  the  sum 
of  column  29.  The  value  of  C  should  be  set  down  in 
the  space  provided  on  the  same  sheet  with  Table  3. 
Ho  may  now  be  computed  for  a  load  of  unity  at  each 
point  by  dividing  each  term  of  column  26  by  C  and  the 
results  are  tabulated  in  column  30.  Note  that  the 
algebraic  sign  is  changed  because  the  formula  for  //<, 
is  preceded  by  a  minus  sign. 

Table  4- — Computation  for  Mo. —  Mo  is  computed  in 
Table  4  from  the  formula 


places  were  dropped  in  the  value   of 


2^ 

2A 


and    that 


inaccuracy  is  carried  into  columns  24  and  25.  For  that 
reason  the  sum  of  column  24  will  usually  not  check 
exactly,  but  it  is  not  difficult  to  determine  if  the 
inaccuracy  is  from  that  cause  or  a  mistake. 

Columns  25  and  26  are  computed  from  column  24 
in  exactly  the  same  manner  as  columns  14  and  15  were 
computed  from  column  13. 

The  bottom  figure  in  column  25  is  equal  to  the  sum 
of  the  figures  of  column  24  for  the  right-hand  half  of 
the  arch,  which  are  not  shown,  but  they  are  the  same 
as  the  figures  which  are  shown  and  their  sum  is  also 
zero.  To  this  zero  we  add  the  last  figure  shown  in 
column  24  and  write  the  result  in  the  next  space  above 
in  column  25  and  continue  the  process  of  successive 
addition  to  the  top  of  the  column.  The  top  figure  of 
column  25  should  be  approximately  equal  numerically 
to  the  top  figure  of  column  24. 

The  bottom  figure  in  column  26  is  the  sum  of  the 
figures  in  the  half  of  column  25  which  is  not  shown  plus 
the  figure  opposite  point  10,  but  since  the  latter  figure 
is  always  zero  it  makes  no  difference  in  the  sum.  This 
sum  is  equal  to  minus  the  sum  of  the  figures  shown. 
This  may  be  understood  from  consideration  of  Table 
4,  A.  Thus  we  find  the  sum  of  the  figures  shown  in 
column  25  and  write  it  in  the  bottom  space  of  column 
26.  Then  we  add  to  it  the  figure  opposite  point  9  in 
column  25  and  continue  the  process  of  successive  addi- 
tion to  the  top  of  the  column,  observing  the  correct 
algebraic  sign.  Then  all  of  the  figures  in  column  26 
will  be  negative  and  the  top  figure  will  be  zero. 

The  denominator  of  the  equation  for  Hg  that  is 


C= 


1 
dx 


:yA[y- 


2A  / 


+  2 


cos  </> 


Mo==Ho^-20^Vo 


dx  ^1  I  . 

■2A'^2?(^- 


Ic)  A 


The  values  of  z  are  permanently  printed  in  column 
32.  The  values  of  Ho,  Vo  and  A  have  been  previously 
found  and  for  convenience  are  copied  in  columns  33, 
34,  and  35.  The  values  of  Ho  and  A  are  symmetrical 
so  the  values  found  for  the  left-hand  half  of  the  arch 
ring  may  be  copied  for  the  right-hand  half.  The  values 
of  Vo  for  the  right  half  of  the  arch  may  be  found  by 
subtracting  each  value  for  the  left  half  from  unity. 

Column  36  is  computed  by  summing  up  column  35, 
starting  with  zero  in  the  bottom  space  for  point  1'. 
Column  37  is  computed  by  summing  up  column  36  in 
the  same  way  starting  with  zero  at  the  bottom  opposite 
point  1'  as  previously  explained.  Point  1'  for  sym- 
metrical arches  is  the  same  as  point  20  used  in  the 
explanation.     Column  38  is  computed  by  multiplying 

each  term  in  column  37  by  ^     Column  39  is  computed 

2?/A 
by  multiplying  each  value  of  H^  by  -^^  ■   Column  40 

dx 
is  computed  by  multiplying  each  value  of  Vo  by-20  ^• 

The  sum  of  column  39  should  equal  the  sum  of  column 

33   multiplied   by     ^^    and   the  sum    of    column    40 

should  equal  - 100  dx.  Mo  in  column  41  is  computed 
by  taking  the  algebraic  sum  of  the  corresponding  terms 
in  columns  38,  39,  and  40.  The  algebraic  sum  of 
column  41  should  equal  the  algebraic  sum  of  columns 
38,  39,  and  40. 
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Table  4. — Computations  for  Mo 


31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

I 

1  1 

dr 

SyA 

d/,. 

Points 

2 

Ho 

F„ 

A 

SA 

-2(2-t)A 

2^CoI.  37 

2A 

-20^  V, 

Mo 

0 
1 

0 

1 

0.000 

1.  0000 

4.7 

472.9 

4,  537.  2 

28.  500 

0.000 

—      30. 000 

- 

1.500 

2 

.  3 

.062 

. 99550 

10.1 

462.8 

4,  064.  3 

25.  529 

.303 

—      29. 867 

— 

3.975  i 

3 

5 

.219 

. 98256 

10.2 

446.6 

3,  601.  5 

22.  622 

1.282 

—       29. 477 

— 

5.573 

4 

.478 

. 95748 

21.3 

425.3 

3, 154.  9 

19.  817 

2.799 

—       28. 724 

— 

6. 108 

5 

9 

.  815 

. 91861 

26.0 

399.3 

2,  729.  6 

17.146 

4.772 

—      27. 558 

— 

5.  640  1 

6 

11 

1.  191 

.  86551 

29.  fi 

369.7 

2,  330.  3 

14.  637 

6.974 

—      25. 905 

— 

4.304 

7 

13 

1.561 

.  79915 

31.8 

337.9 

1,  960.  6 

12.315 

9.141 

—       23. 974 

— 

2.518 

g 

1.  878 

.72171 

.31.7 

306.2 

1,  622.  7 

10. 193 

10.  997 

—      21. 651 

— 

0.461 

9 

17 

2.  1 1 1 

. 6363H 

33.  7 

272.5 

1,316.5 

8.269 

12.  362 

—       19. 091 

+ 

1.540 

10 

19 

2.232 

.  54602 

33.7 

238.8 

1,044.0 

6.558 

13.  070 

—       16. 381 

+ 

3.  247 

10' 

21 

2.232 

.  45398 

33.7 

205.1 

805.2 

5.058 

1.3. 070 

—       13. 619 

+ 

4.509 

9' 

23 

2.  Ill 

. 36362 

33.7 

171.4 

600.1 

3.769 

12.  362 

—       10. 909 

+ 

5.222 

8' 

25 

1.878 

.  27829 

31.7 

139.7 

428.7 

2.693 

10.  997 

—        8. 349 

+ 

5.341 

7' 

27 

1.  -561 

. 20085 

31.8 

107.9 

289.0 

1.815 

9.141 

—         6. 026 

+ 

4.930 

6' 

29 

1.191 

.13449 

29.  0 

78.3 

181.1 

1.137 

6.974 

—        4. 035 

+ 

4.076 

5' 

31 

.815 

.  08139 

26.0 

52.3 

102.8 

.646 

4.772 

—        2. 442 

+ 

2.976  I 

4' 

33 

.478 

. 04252 

21.3 

31.0 

50.5 

.317 

2.799 

—        1.276 

+ 

1.  840 

3' 

35 

.219 

.01744 

10.2 

14.8 

19.5 

.122 

1.282 

—          .  523 

+ 

.881 

2' 

37 

.062 

.00444 

10.1 

4.7 

4.7 

.030 

.363 

—          .133 

+ 

.260 

1' 

39 
40 

0.000 

0.  0000 

4.7 

0.0 

0.0 

0.000 

0.000 

0.000 

0.000 

10. 0000 



21.  094 

181.173 

123.  520 

-    300.000 

+ 

4.693 

dx 
SA 


=  .0062814 


-20 


dx 


-30.0 


For  check: 


Zij\ 


2Col.  33  =  123.523  =  SCol.  39. 


^dx 


-2O-2SC0I.  34=-300.0  =  2Col.  40. 


2C0I.  38  +  SCol.  39  +  2C0I.  40= +4.693 
=  2Col.  41. 


Tables  5,  6,  and  7. — Comjndation  of  bending  moments 
at  points  3,  8,  and  10}4- — We  now  have  the  values  of 
Ho,  V„,  and  Mo  for  a  load  of  unity  placed  at  any  point 
on  the  arch.  It  must  now  be  decided  at  which  other 
points  the  stresses  are  desired.  Usually  three  other 
points  are  sufficient,  and  they  should  be  selected  with 
care  in  order  to  get  the  critical  points.  One  should  be 
at  or  near  the  crown,  one  near  the  haunch,  and  probably 
the  best  place  for  the  third  is  between  the  haunch  and 
the  left  abutment.  Points  3  and  8  are  chosen  because 
they  are  near  changes  in  the  remforcement;  and  point 
103^,  being  the  crown,  is  also  chosen. 

Columns  46  to  50,  inclusive,  are  used  in  finding  the 
moment  at  point  3,  from  the  formula ^1/3=  Mo  —  Hoy  +  rriz. 
In  computing  the  moment  at  any  particular  point, 


z  and  y  are  constant,  while  Tc  varies  with  the  position  of 
the  unit  load.  We  now  desire  the  moment  at  a  partic- 
ular point  caused  by  a  load  at  each  point.  For  point 
3  the  value  of  2  is  5  and  the  value  of  y  can  be  found  in 
column  20.  These  figures  should  be  set  down  in  the 
spaces  indicated  in  the  heading  for  columns  46  to  50. 
For  convenience  Hg,  Vo,  and  Mo  are  copied  in  columns 
43,  44,  and  45.     The  values  of  m^  are  computed  from 

VgZ  —  (z  —  lc)    —  where  1c  is  less  than  2, 

and  from  the  formula  mj.=  YgZ  ^    where  Ic  is  greater 

than  z.  Column  46  is  computed  by  multiplying  the 
values  of  Vg  by  z  {z  =  5  for  point  3).  It  is  only  neces- 
sary to  fill  out  column  46  for  a  load  at  those  points  where 


Table  5. — Computations  for  Mz      Table  6. — Computations  for  Mi       Table  7. — Computations  for  Mioi 


42 

43 

44 

45 

46 

47            48 

49 

50 

51 

52 

53 

54 

55 

56 

57              .58 

59 

60 

*S 
(^ 

0 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

10- 
9' 
8' 
V 
6' 
5' 
4' 
3' 
2' 
1' 
0' 

Ho 

F„ 

Mo 

Points,  23=5;  !/3=3.51 

Point  8,  28=15;  y8=6.85 

Point  lOH,  noi/2  =  20;  yio  i;2  =  7.21 

VoZZ 

F„23- 
(23-Jc) 

ma 

-HoVi 

Mi 

F.28 

^u-r,\  "« 

-Hon 

Ma 

F„2io  i;j 

V„2|01/2  — 

Umn-k) 

mioi/2   i—Hoymui 

JWlO  1/2 

-1.500 
-3.975 
-5.573  1 
-6.108 
-5.640 
-4.354 
-2.  518 
-0.  461 
+1.  540 
-f3.a47 

-f4.509 
-f  5.  222 
+5.341 
+4.  930 
+4.  076 
+2.  976 

+1.  8;o 

+  .881 

+  .  260 

0  000 

1.000 

2,911 
4.651 
6.150 
7.372 
8.310 
8.983 
9.434 
9.728 
9.920 

0.000 

0.000 

.062 
.219 
.478 
.815 
1.191 
1.561 
1.878 
2.111 
2.232 

2.232 

2.111 

1.878 

1.561 

1. 191 

.815 

.478 

.219 

.062 

0.000 

1.  00000 

. 99556 
. 98256 
. 95748 
. 91861 
.  86551 
.  79915 
.72171 
.  63638 
.  54602 

.  45398 
.36362 
.  27829 
.  20085 
.  13449 
.  08139 
.  04252 
.  01744 
.00444 
0.  00000 

5.000 
4.978 

0.000 

1.  0000 

2.978 

0.000 

1.500 
4.467 
7.369 
7.181 
6.890 
6.491 
5.994 
.■).  413 
4.773 
4.095 

3.405 

2.727 

2.087 

1.506 

1.009 

.610 

.319 

.131 

.033 

0.000 

0.000 

—  .218 

—  .769 

—  1.678 

—  2.861 

—  4. 180 

—  5.  479 

—  6.  592 

—  7.409 

—  7.834 

—  7.834 

—  7.409 

—  6.  592 

—  5.479 

—  4.  180 

—  2.  861 

—  1.678 

—  .769 

—  .218 
0.000 

0.000 

+  .274 
+1.  027 

-  .605 
-1.611 
-2.  043 
-2.003 
-1.640 
-1.096 

-  .492 

+  .080 
+  .540 
+  .836 
+  .957 
+  .905 
+  .725 
+  .481 
+  .243 
+  .075 
0.000 

15.000 
14. 933 
14.  738 
14.362 
13.  779 
12.  983 
11.987 

0.000 

1. 0000 

2.933 

4.738 
6.362 
7.779 
8.983 
9.987 

• 
0.000 

1.500 
4.400 
7.107 
9.543 
11. 669 
13.  #75 
14.981 
16.238 
14.319 
12. 285 

10.215 

8.181 

6.262 

4.519 

3.026 

1.831 

.957 

.392 

.100 

0.000 

0.000 

—  .425 

—  1.500 

—  3.  274 

—  5.583 

—  8. 158 

—  10.  693 

—  12.864 
—14.  460 
—15.289 

—15. 289 
—14. 460 
—12.864 
—10.  693 

—  8.  158 

—  5.  583 

—  3.  274 

—  1.500 

—  .425 
0.000 

0.000 

.000 
+  .034 
+  .161 
+  .446 
+  .963 
+1.770 
+2.913  i 
+1.399 
+  .243 

-  .565 
-1.057 
-1.261 
-1.244 
-1.056 

-  .776 

-  .477 

-  .227  1 

-  .065 
0.000 



20.000 
19.911 
19. 651 
19. 150 
18.372 
17.310 
15.983 
14. 434 
12.  728 
10.920 

0.  000 

1.500           0.000 
4.367    —       .447 
6.976   —     1.579 
9.225  1—    3.446 
11.058    —     5.876 
12.465  ;—    8.587 
13.475   —  11.255 
14.151    —  13.540 
14.592  :—  15.220 
14. 880  |—  16.  093 

13.619   —  16.093 

10. 909  I—  15.  220 

8.349  |—  13.540 

6.025   —  11.255 

4.035   —    8.587 

2.442   —    5.876 

1.276  1—    3.446 

.523    —     1.579 

.  1.33    —       .  447 

0.  000           0.  000 

0.  000  [ 

-  .055  ; 

-  .176 

-  .329 

-  .458 

-  .476 

-  .298 
+    .150 
+    .912 
+  2.034 

+  2.035 
+     .911 
+     .1.50 

-  .300 

-  .476 

-  .458 

-  .330 

-  .175 

-  .054 
0.000 

21.094  .    ■ 1   ■■-: 

66, 000 

—74.  040 

-3. 347 

141.000  1— 144.4921+1.201  | 

1                  1                 1 

1                    150.000  —152.086    +2.607 

M^=Mo+m^  —  Hoy 


For  cliGck " 

2  Col.  45  +  2  Col.  48+2  Col  .49  =  2  Col.  50. 
2  Col.  45  +  2  Col.  53  +  2  Col.  54  =  2  Col.  55. 
2  Col.  45  +  2  Col.  58  +  2  Col.  59  =  2  Col.  60. 
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Computation  of  dead  load 


Point 


hds 


6.79 
4.96 
4.11 
3.69 
3.40 
3.20 
3.08 
3.04 
3.00 
3.00 


150  A  ds 


1,020 
744 
616 
553 
510 
480 
462 
456 
450 
450 


h, 


6.00 

4.80 

3.82 

3.00 

2.25 

1.70 

1.20 

.90 

.70 

.67 


350  h; 


Dead 
load 


1,980 
1,585 
1,260 
990 
742 
560 
396 
297 
232 
220 


Pounds 

3,000 

2,329 

1,876 

1,543 

1,252 

1,040 

858 

753 

682 

670 


Tc  is  less  than  z.     Column  47  is  computed  by  subtracting 

(z  —  Jc)  from  the  figures  in  column  46.     The  values  of    

TOi  may  now  be  computed  for  a  load  at  those  points 

where  k  is  less  than  z  by  multiplying  the  figures  in 

doc 
column  47   by    _    and  for  the   remaining  points  by 

■"  i 

g^  2 

multiplying  the  values  of  Vo  by  z-^  •  \ 

■^            .  b'V.'.'. 

The  value  of  —Hoy  in  column  49  is  computed  by  e^^;"" 

multiplying  each  value  of  Hg  by  —  y  as  given  in  the  Iv.W.. 

heading.     The  bending  moment   M3=  Mg  +  m^  —  Hoy  is  j^-- 

now  computed  by  adding  algebraically  the  correspond-  

ing  values  of  columns  45,  48,  and  49  and  the  results 

tabulated  in   column   50.     The   bending  moments   at  Column  69  to  74,  inclusive,  are  computed  by  multi- 

the  two  other  points  are  computed  in  the  same  way,  us-  plying  the  dead  load  in  column  68  by  the  proper  figure 

ing  columns  51  to  60,  inclusive.     We  now  have  in  the  from  columns  62  to  67,  inclusive.     The  algebraic  sums 

tabulation  which  includes  Tables  5,  6,  and  7  (sheet  4  of  columns  69,  70,  and  71   are  the  horizontal  thrust, 

of  assembly  of  data)  the  vertical  shear,  the  horizontal  vertical  shear,  and  bending  moment,  respectively,  at 

thrust,  and  the  bending  moment  at  point  0  and  the  point  0  resulting  from  the  dead  load.     The  algebraic 

bending  moment  at  three  other  points  caused  by  a  load  sums   of  columns   72,   7.3,    and   74   are   the   dead-load 

of  unity  at  each  of  the  points  of  the  arch  ring.  bending  moments  at  points  3,  8,  and  103^. 

Table  8. — Computations  for  the   dead-load   moments,  Table   9 — Computation    of   stresses. — Column   75   in 

thrust,  and  shears. — The  values  of  Ho,  Vo,  Mo  and  the  Table  9  is  now  to  be  filled  out.     The  values  of  cos  <j> 

unit-load  bending  moments  at  the  points  3,  8,  and  103^  for  each  point  desired  are  taken  from  column  28.     The 

are  copied  in  columns  62  to  67  of  Table  8.     The  dead  values  of  sin  <p  may  be  found  by  scaling  the  drawing. 

load  which  is  applied  at  each  point  is  then  computed  Since  the  stresses  are  desired  in  pounds  per  square  inch, 

and  tabulated  in  column  68.     This  may  be  conveniently  and  all  previous  dimensions  have  been  in  feet,  the  area  in 

tabulated  in   a  supplementary   table  as  follows:  The  column  75  should  be  144  times  h  (taken  from  column  2) 

dead  load  at  any  point  is  equal  to  150hds  +  llOdx  hf,  plus  n  times  the  area  of  steel  in  square  inches.     The 

in  which  the  weight  of  the  concrete  is  assumed  to  be  150  ^          t    h                      i  j  t             i             ojnj 

J                u-     f     4.       J  .ti,          •  i,i.     i-  iu          i.1,  au  values  of  „  ,^  are  computed  from  columns  2  and  9  and 

pounds  per  cubic  toot  and  the  weight  ot  the  earth  nil  2/                 ^ 

110  pounds  per  cubic  foot.     Values  of  h  and  ds  are  this  result  should  be  divided  by  144  to  get  results  in 

found  in  columns  2  and  10,  respectively,  of  Table  1,  pounds  per  square  inch.     The  values  of  if,  H,  and  V 

and  hf  is  the  depth  of  the  fill  above  the  arch  ring  and  for  the  dead  load  are  taken  from  the  sums  of  columns 

dx  for  this  arch  is  3  feet.  69  to  74,  inclusive,  and  set  down  in  the  proper  places  in 


Table  8. — Computations  of  H,  V,  and  M  for  dead  load 


61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

\, 

Unit  loads 

D.  L. 

Dead  load 

Point 

1 

H, 

Vc 

1. 00000 

Mo 

Ml 

M, 

^lOi 

Ho 

Vo 

Mo 

Ml 

M, 

^^lOi 

1 

0 

1.500 

0 

0          i 

0 

3,000 

0 

3,000 

_ 

4,500 

0 

0 

0 

2 

.062 

. 99556 

_ 

3.975 

+ 

.274 

+ 

.000  :- 

.055 

2,330 

144 

2,320 

— 

9,262 

+ 

638 

0 

-       128 

3 

.219 

.  98256 

— 

5.573 

+ 

1.027 

+ 

.034  1- 

.176 

1,880 

412 

1,847 

— 

10,  477 

+ 

1,931 

+ 

64 

-      331 

4 

.478 

. 95748 

_ 

6.108 

.605 

+ 

.161  '- 

.329 

1,540 

736 

1,475 

— 

9,406 

— 

932 

4- 

248 

-       507 

5 

.815 

.  91861 

_ 

5.640 

— 

1.611 

+ 

.446    - 

.458 

1,250 

1,019 

1,148 

— 

7,050 

— 

2,014 

+ 

558 

-       573 

6 

1.191 

.  86551 

_ 

4.354 

_ 

2.043 

+ 

.963    - 

.476 

1,040 

1,239 

900 

— 

4,528 

— 

2,125 

+ 

1,002 

-       495 

7 

1.561 

. 79915 

_ 

2.518 

_ 

2.003 

+ 

1.770  1- 

.298 

860 

1,342 

687 

— 

2,165 

— 

1,723 

+ 

1,522 

-       256 

8 

1.878 

.72171 

_ 

0.461 

_ 

1.640 

+ 

2.913  '  + 

.150 

750 

1,409 

541 

— 

346 

— 

1,230 

+ 

2,185 

+       113 

9 

2.111 

.63638 

+ 

1.540 

_ 

1.096 

+ 

1.399  1  + 

.912 

680 

1,435 

433 

+ 

1,047 

— 

745 

+ 

951 

+      620 

10 

2.232 

. 54602 

+ 

3.247 

- 

.492 

+ 

.243  '  + 

2.034 

670 

1,495 

366 

+ 

2,175 

— 

330 

+ 

163 

+  1,363 

10' 

2.232 

.45398 

+ 

4.509 

+ 

.080 

.565  '  + 

2.035 

670 

1,495 

304 

+ 

3,021 

+ 

54 

_ 

379 

+  1,363 

9' 

2.111 

.36362 

+ 

5.222 

+ 

.540 

_ 

1.057  ,+ 

.911 

680 

1,435 

247 

+ 

3,551 

+ 

367 

— 

719 

+      619 

8' 

1.878 

.  27829 

+ 

5.341 

+ 

.836 

_ 

1.261  1  + 

.150 

750 

1,409 

209 

+ 

4,006 

+ 

627 

— 

946 

+      113 

T 

1.561 

. 20085 

+ 

4.930 

+ 

.957 

_ 

1.244  r- 

.300 

860 

1,342 

173 

+ 

4,240 

+ 

823 

— 

1.070 

-      258 

6' 

1.191 

. 13449 

+ 

4.076 

+ 

.905 

_ 

1.056  1- 

.476 

1,040 

1,239 

140 

+ 

4,239 

+ 

941 

1.098 

-      495 

5' 

.815 

. 08139 

+ 

2.976 

+ 

.725 

— 

.458 

1,250 

1,019 

102 

+ 

3,720 

+ 

906 

970 

-      573 

4' 

.478 

.04252 

+ 

1.840 

+ 

.481 

_ 

.477    - 

.330 

1,540 

736 

65 

+ 

2,834 

+ 

741 

™ 

735 

-      508 

3' 

.219 

.01744 

+ 

.881 

+ 

.243 

_ 

.227 

_ 

.175 

1,880 

412 

33 

+ 

1,656 

+ 

457 

— 

427 

-      329 

2' 

.062 

.00444 

+ 

.260 

+ 

.075 

.065 

— 

.054 

2,330 

144 

10 

+ 

606 

+ 

175 

— 

151 

-       126 

1' 

0 

0 

0 

0 

0 

0 

3,000 

0 

0 

0 

0 

0 

0 

1 

21.094 

10. 0000 

+ 

34.  822 
30  129 

+ 

6.143 
9.490 

+ 

7.929 
6.728 

+ 

6.192 
3.585 

28,000 

18, 462 

14,000 

+ 

31,095 
47,  734 

+ 

7,660 
9,099 

+ 

6,693 
6,495 

+  4, 191 
-  4,  579 

+ 

4.693 

— 

3.347 

+ 

1.201 

+ 

2.607 

1 

16,639 

1,439 

+ 

198 

-      388 

Mr- 


H,{v- 


■  2A  / 


At  point  0,  Mt  = 

At  point  3,  M t=- 

At  point  8,  Mt  = 

At  point  \0y2,  Mt  = 


f+2,762\ 


_f  +  16,174 


3'682/^'^^^-^^^^"i -21^562 


{l^,762|x(_2.346)={l 

-3;682}>^^  +  '^-'''^={  + 
+  2,7621      ,,  J 
-3,682/^^+^ 


.364)  ={ 


+ 


6,480 
8,638 
2,745 
3,660 
3,470 
4,985 
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Table  9. — Computation  of  maximum  stresses 


75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

}{ 

M 

V 

//  cos  0 

Fsin  <t> 

N 

4 

-i-,  ' 

E.xtrados 

Intrados 

Ma.\imum  stresses 

E.xtrados 

Intrados 

i^-^s 

JV  h 
~A-^2I 

Point  0 

1    sin  *=.548. 

'     cos  0=.838. 

Area =348. 

1           -  ,=  .00709. 

+ 

~" 

+ 

~ 

D.  L. 

+  18,  462 

_ 

16,  639 

14, 000 

+  1.5,  471 

7,672 

+  23, 142 

+ 

66  1-        118    -          52 

+        184 

_ 

52 

_ 

52 

+ 

184 

+     184 

+  C.L.  L.  + 

+  U.  L.  L.   +    5,584 

-  C.  L.  L.    + 

-  V   L.  L.  +     2,326 

+  13,058 
—  11,298 

1,035 
2,715 

+     4,679 
+     1, 949 

567 
1,488 

+     5,  246    -  - 
+    3,437    + 

15   +          93  '+        108 
10   —          80    -           70 

78 
+          90 

+ 

108 

70 

+ 

90 

-       78 

+             T.  +    2,762 

+ 

16,174 

0 

+     2.315 

0 

+     2,315    ■- 

7  ,+         115    +         122 

-         108 

+ 

122 

-     108 

2/ 

-              T.    —    3.682 

21,  562 

0 

—     3.086 

0 

—     3,086   — 

9   —         153    -         162 

+         144 

— 

162 

+ 

144 

Total  e.xcluding  temperature 

— 

122 

+ 

274 

Point  3 
Sin  0=.344. 
cos  (^=.946. 
Area =196. 

''=  .02303. 

1,439 

8,670 

+  17.465 

2,982 

+  20,  447  1  + 

Total 

+ 

178 

— 

284 

+ 

418 

-        2 

D.  L. 

+  18,462 

- 

104  ;-         33 

+          71 

+         137 

+ 

71 

+ 

71 

+ 

137 

+    137 

+  C.  L.  L. 

+ 

+            r- 

+ 

+  U.  L.  L. 

-  C.  L.  L. 

-  U    L.  L. 

+    4, 060 
+    3,850 

+ 

2,304 
3,559 

958 
2.  042 

+    3,841 
+     3,  642 

330 
702 

+     4,171    + 
+     4,344    + 

21  +          53 

22  —          82 

+          74 
60 

32 
+         104 

+ 

74 

60 

+ 

104 

-      32 

+             T. 

+    2,762 

+ 

6,480 

0 

--     2,613 

0 

+     2,613    + 

13    +         149 

+         162 

136 

+ 

162 

-     136 

2/ 

T. 

—    3,  682 

8,638 

0 

—     3. 483 

0 

—     3,483    — 

18  !-         199 

217 

+         181 

— 

21V 

+ 

181 

Total  e.xcluding  temperature 

+ 

145 

+ 

241 

198 

2, 100 

1+  18,388 

216 

Total 

+ 
+ 

307 

— 

206 

+ 

422 

-      31 

D.  L. 

+  18,462 

+ 

+  18,  604 

+ 

120    +            7 

+         127 

+         113 

127 

+ 

127 

+ 

113 

+    113 

sin  0  =  .1O3. 
cos  <t>=MC-,. 

■fC.  L.  L. 

+ 

+ 

+ 

+ 

+  U.  L.  L. 

4-    3,955 

+ 

2,973 

534 

--     3,9.39 

55 

--     3,994 

+ 

26   +         111 

+         137 

85 

+ 

137 

-      85 

-  C.  L.  L. 

+ 

+ 

— 

h 

-  IT.  L.  L. 

+    3,955 

— 

2,523 

591 

--     3,939 

61 

--     4.000 

+ 

26   —          94 

68 

+         120 

— 

68 

+ 

120 

-' =  .03728. 

+             T. 

+    2,762 

— 

2,745 

0 

'--     2,751 

0 

--     2,7.51 

+ 

18  '-         102 

84 

+         120 

— 

84 

4- 

120 

2f 

T. 

—    3,682 

+ 

3.660 

0 

1—    3,667 

0 

—     3,667 

24  1+         136 

+         112 

-         160 

+ 

112 

-     160 

Total  e.xcluding  temperature 

+ 

264 

+ 

233 

Point  10' •; 

388 

0 

+  18,462 

0 

+  18,462   + 

Total 

+ 

376 

— 

25 

+ 

353 

-     132 

D.  L. 

+  18,462 

- 

121   1-           15 

+         106 

+         136 

+ 

106 

+ 

106 

+ 

136 

+    136 

sin  <A=0. 
cos  0=1.00. 
Area— 152 

4-  C.  L.  L. 

+ 

+ 

+ 

!+ 

+  U.  L.  L. 

--    4,666 

+ 

2,322 

0 

+    4,666 

0 

-  -     4,  666   + 

31   ,+          91 

+         122 

60 

+ 

122 

-  60 

-  r.  L.  L. 

+ 

+ 

1 — 

h 

-  r.  L.  L. 

--    3,245 

— 

1,344 

0 

+    3,245 

0 

--    3,245    + 

21    —          52 

31 

+          73 

— 

31 

+ 

V3 

-  =  .03901. 
21 

+             T. 

--     2.762 

— 

3,470 

i          0 

+     2,762 

0 

--     2,762   + 

18    -         135 

-        117 

+        153 

— 

117 

+ 

153 

T. 

—    3,682 

+ 

4,985 

!      0 

—     3,682 

0 

—     .3,682   — 

24  !+         194 

+        170 

-        218 

+ 

170 
228 

-     218 

Total  e.xcluding  temperature       ]  + 

+ 

209 

Total         + 

398 

~ 

42 

+ 

362 

-     142 

N=Hcos<t>+V  s\n<t> 

columns  77,  78,  and  79.  It  should  be  remembered  that 
the  Vo  given  in  the  sum  of  column  70  is  the  dead-load 
vertical  shear  at  point  0,  and  to  get  the  vertical  shear 
at  any  other  point  the  loads  between  point  0  and  the 
point  under  consideration  must  be  subtracted  from  F^. 

We  will  consider  next  the  live-load  thrusts,  moments, 
and  shears.  A  uniform  live  load  of  125  pounds  per 
square  foot  has  been  assumed,  and  since  we  are  con- 
sidering a  strip  of  the  arch  ring  1  foot  wide,  the  live 
load  at  one  point  is  \2bdx,  or  375  pounds.  We  wish  to 
find  the  maximum  stress  at  each  of  the  points,  0,  3,  8, 
and  10  J/2  aii^  the  stress  is  a  function  of  the  moment, 
thrust,  and  shear.  It  is  not  necessarily  maximum  at  the 
same  time  that  the  moment  is,  but  it  is  so  nearly  so 
that  this  is  assumed  to  be  true.  Inspecting  column  64  it 
is  seen  that  the  maximum  positive  moment  at  point  0 
is  produced  by  placing  a  live  load  at  all  of  the  points 
which  give  a  positive  moment,  and  no  load  should  be 
placed  at  the  points  which  give  a  negative  moment. 
Thus  the  maximum  positive  live-load  moment  at  point 
0  is  found  by  multiplying  the  sum  of  all  of  the  positive 
quantities  in  column  64  by  375  pounds  as  is  done  in 
the  table  following. 

The  horizontal  thrust  which  occurs  at  the  same 
time  as  this  maximum  moment  is  found  by  addmg  the 
quantities  in  column  62  for  the  points  which  give  a 
positive  moment  and  multiplying  the  sum  by  375. 
The  same  procedure  is  followed  for  the  vertical  shear, 
using  the  quantities  in  column  63.  The  maxunum  nega- 
tive moment  and  the  thrust  and  shear  which  occur  at 
the  same  time  are  found  by  placing  the  loads  at  all  of  the 
])oints  which  give  negative  moments.     The  live-load 


JV  h 

moments,  thrusts,  and  shears  at  the  other  points  are 
found  in  the  same  way,  but  it  should  be  remembered 
that  the  values  of  V„  in  column  63  are  the  values  of 
the  reaction  at  the  left  support,  and  if  there  are  any 
loads  to  the  left  of  the  point  under  consideration  the 
shear  is  found  by  adding  the  proper  quantities  in 
the  F(,-column  and  then  subtracting  1.00  for  each 
load  to  the  left.  Then  the  quantity  thus  obtained  is 
multiplied  by  the  live  load  per  load  point  as  shown  in 
the  following  computations: 

MOMENTS,  THRUST.S,  AND    SHEARS    DUE    TO    LIVE    LOAD 

Live  load=r25  pounds  per  square  foot 

=  125X3  =  375  pound.s  per  load  point 

Point  0: 

+  M  =  375X34.822=  +13,0.58 

H  =  375X  14.890=  5,584 

V  =  375X    2.759=  1,0.35 
-M  =  375X30.129=  -11,298 

H  =  375X    6.204=  2,326 

V  =  .375X   7.241=  2,715 
Point  3: 

+  M  =  375X    6.143=  +2,304 

H  =  375X10.828=  4,060 

V  =  375  X  (4.555-2)=  958 
-M  =  375X    9.490=  -3,559 

H  =  375X  10.266=  3,850 

V  =  375X    5.445=  2,042 
Point  8: 

+  M  =  375X   7.929=  +2,973 

H  =  375X  10.547=  3,955 

V  =  375  X  (8.423-7)=  534 
-M  =  375X    6.728=  -2,523 

H  =  375X10.547=  3,955 

V=375X    1.577=  591 
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Point  101^: 

+  M  =  375X    6.192=  +   2,322 

H  =  375X  12.442=  4,666 

V=375X(3-3)    =  0 

-M  =  375X   3.585=  -1,344 

H  =  375X   8.652=  3,245 

V=375X(7-7)    =  0 

The  horizontal  thrust  due  to  a  change  in  tempera- 
ture is  computed  from  the  formula  Ht  =  — ^ — -^     If 

Ec  be  taken  as  2,000,000  pounds  per  square  inch  or 
144  X  2,000,000  pounds  per  square  foot  and  e  be  taken 

as  0.000006,  the  formula  becomes  Ht  =  — >,     t.     Hi  is 

constant  for  all  points  of  the  arch  ring,  and  its  value  is 
calculated  and  recorded  in  column  77.  Mi  is  com- 
puted from  the  formula  i/,  =  —HAy ^r-  V     Values 

of  (y — ~-  )  are  found  in  column  23  except  for  point 

0  and  the  value  for  this  point  can  be  quickly  com- 
puted.    The  value  of  F,  is  zero  in  every  case. 

//cos  (j)  and  Fsin  4>  are  computed  and  tabulated  in 
columns  80  and  81,  respectively.  N  in  column  82 
is  computed  by  adding  the  corresponding  values  in 
columns    80    and    81.     Column    83    is    computed    by 

dividing  N  in  column  82  by  A  in  colunm  75.     M^  in 

column  84  is  computed  by  multiplying  M  in  column 

78  by  ^7-     The  stress  in  the  concrete  at  the  extrados 

i^  +  ^nt)  ^^  computed  for  column  85  by  adding  the 

corresponding  values  in  columns  83  and  84.  The 
stress  in  the  concrete  at  the  intrados  is  computed  in 
column  86  by  subtracting  column  84  from  column 
83,  observing  the  correct  algebraic  sign. 

Columns  85  and  86  give  the  stresses  due  to  various 
conditions  of  loading  and  temperature,  but  those  con- 
ditions do  not  all  obtain  at  one  time.  To  find  the  maxi- 
mum stress  which  may  obtain,  columns  87  to  90  are 
used,  as  indicated  in  the  headings.  For  each  case  the 
maximum  stress  is  caused  by  a  combination  of  the  dead 
load,  one  position  of  the  live  load,  and  one  condition 
of  the  temperature.  These  stresses  are  tabulated  in  col- 
umns 87  to  90,  inclusive,  and  the  algebraic  sum  taken 
The  correct  algebraic  sign  must  be  observed  in  all  cases. 

These  maxunum  stresses  have  been  computed  upon 
the  assumption  that  the  arch  ring  is  uniformly  elastic 
and  acts  in  accordance  with  Hook's  law  under  all  con- 
ditions— that  is,  we  have  assumed  that  the  concrete 
will  withstand  the  tensile  stresses  as  well  as  the  com- 
pressive. If  the  computed  tensile  stresses  do  not  ex- 
ceed the  allowable  tensile  stress  for  concrete,  the  above 
assumption  is  practically  true,  but  if  we  find  that  the 
tension  in  the  concrete  exceeds  the  allowable  stress 
at  any  point  the  assumption  is  not  true  and  we  must 
assume  that  the  concrete  cracks  at  that  point  and  all  of 
the  tension  is  taken  by  the  steel  reinforcement.  The 
stresses  in  the  steel  and  concrete  at  that  point  should 
then  be  computed  by  another  method. 

This  may  be  done  by  dividuig  the  maximum  moment 
by  the  maximum  thrust  (columns  78  and  82)  to  find 
the  eccentricity  of  the  thrust  and  then  computing  the 
stresses  by  the  theory  of  bending  and  direct  stress  in 
reinforced  concrete  for  which  formulas  and  diagrams 
may  be  found  in  any  textbook  on  reinforced  concrete. 

Stresses  in  steel  and  concrete. — Columns  87  to  90, 
inclusive,  give  the  stresses  in  the  concrete  computed 


upon  the  assumption  that  the  concrete  will  withstand 
the  stress  to  which  it  is  subjected.  It  is  found  that 
the  tension  in  the  concrete  at  the  abutment  under  cer- 
tam  conditions  is  284  pounds  per  square  inch.  Under 
these  circumstances  the  concrete  will  crack  and  all  of 
the  tension  must  be  taken  by  the  steel. 


A  Tvvo-RiBBED  Open-Spandrel  Arch  Designed  by  the 
Method  Described  Here  but  with  Some  Variation 
ON  Account  of  the  Position  of  Load  Points  as 
Fixed  by  the  Location  of  Columns 

When  the  tensile  strength  of  the  concrete  is  exceeded, 
the  stresses  in  the  steel  and  concrete  may  be  found 
from  the  diagram  on  page  405  of  Hool  and  Johnson's 
"Concrete  Engineers'  Handbook."  It  will  be  noted 
that  in  this  case  there  is  reinforcement  on  the  tension 
side  only.  The  nomenclature  used  in  the  following 
computations,  il  not  previously  explained,  is  found  on 
page  403  of  Hool  and  Johnson! 


At  point  0: 


D.  L.= 

L.  L.= 

T.= 


M 
16,639 
■11,  298 
■21,562 


A' 

+  23,  142 

4-3,  437 

-3,  086 


-49,  499 
_4Q  4qQ 

+  23,493         ^-^^  "• 


+  23,493 


'  =  «+(|-c;')  =2.11  +  0.98  =  3.09  ft. =37.1  in. 
0.17  =  2.13  ft.  =  25.6  in. 
=  1.45. 


d  =  h-d'=2.30 
e'^37.1 
d     25.6 

Area  of  steel=  1.125  sq.  in.  (see  fig.  5): 
1.125 
V^-iAAyo  10=0-0037  per  cent  steel. 


j^_Ne'^  23,493X37.1 

bd^       12  X  (25.6)2  ' 


111. 


From  diagram  (Hool  and  Johnson)  /c  =  630  and /,=  14,000. 

Therefore  the  arch  is  satisfactory  at  this  point. 

At  point  3  the  worst  conditions  of  loading  and 
temperature  give  206  pounds  tension  in  the  concrete, 
which  will  cause  the  concrete  to  crack. 


At  point  3: 


D.  L.= 

L.  L.= 

T.= 


M 
-1,439 
-3,  559 
-8,638 

-13,636 


A' 
+  20,  446 
+  4,344 
-3,  483 


—  13,636       ri  ri  r* 

'^=+2i;308  =  0-^^"- 

e'=0.64  +  0.48=1.12  ft.  =  13.4  in 

d=13.6  in. 

e;     13.4 

d 


+  21,308 


13.6  =  «-98^- 

7>=^  ^/vT^r^To  =0.00346  per  cent  steel. 
'      144X1.13 


Ne'     21,-305X13.4 


=  128. 


6c/2        12X  (13.6)2 
From  diagram, /,  =  575  and/,=  7,500. 
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At  point  8: 


D.  L.= 

L.  L.= 

T.= 


M 
+  198 
+  2,973 
+  3,  660 

+  6,  831 


+ 18,  604 
+  3,  994 
-3,667 

+  18,  931 


_  +6,831  _ 
«-+ 18,931  ~"-^*^^ 
e'  =  0.361 +  0.34  =  0.701  ft.= 
d=10.2  ill. 


=  8.4  in. 


=  0.824 

=0.0046. 


e^^  8.4 
d      10.2 

_^5625 
'P     12X10.2 
^_^'_18,93LX8^_,„_ 
^"^2-  12  X{  10.2)2      i^'- 
From  diagram,  /c  =  460  and  f,  =  2,600. 

At  point  lOH: 


D.  L.= 

L.  L.= 

T.= 


M 

-388 
+  2,  322 
+  4,  985 


N 

+ 18,  462 

+  4,  666 

-3,682 


+  6,919  +19,446 

«=^fSf46  =  +  0-356ft. 
e'  =  0.356  +  0.333  =  0.689  ft.  =  8.3  in. 
d=  10.0  in. 

d'  10-0-83. 

0.5625      „,,„,_  i    i     1 

p=Y^TVYn=0004/  per  cent  steel. 

AV     19,446X8.3  _ 
^"hd^        12 X  (10)2       i«i4. 
From  diagram,  /e  =  490  and/,  =  2,900. 

Foundation  'pressure. — The  maximum  pressure  on 
the  foundation  at  the  back  of  the  abutment  will  be 
caused  by  the  dead  load,  the  live  load  which  causes 
positive  moment  at  the  abutment,  and  a  rise  of  tem- 
perature. The  live  load  which  causes  a  negative 
moment  at  the  abutment  may  in  some  cases  increase 
the  foundation  pressure,  but  usually  it  does  not.  It 
will  increase  the  thrust,  but  on  account  of  the  moment 
being  of  opposite  sign,  it  decreases  the  eccentricity 
which  decreases  the  maximum  pressure  at  the  back  of 
the  abutment. 


D.  L.= 
L.  L.= 

T.= 


M 
-16,639 
+ 13,  058 
+  16,  174 

+ 12,  593 

+  12,593 

+  26,808" 


H 

4-18,462 
+  5,  584 
+  2,  762 

+  26,808 
+  0.47  ft. 


V 

14,  000 
1,  035 

0 

15,  035 


The  thrust  at  the  abutment  (point  0)  may  be  ob- 
tained by  plotting  H  and  V  on  the  drawing  and  scaling 
the  thrust,  which  is  found  to  be  30,700  pounds  and  is 
applied  0.47  feet  above  point  0. 

The  weight  of  the  abutment  and  the  fill  above  the 
abutment  is  18,650  pounds,  and  the  center  of  gravity 
of  these  loads  is  4.9  feet  back  of  the  face  of  the  abut- 
ment. This  weight  is  combined  graphically  with  the 
thrust  from  the  arch,  and  we  obtain  a  total  pressure  of 
43,000  pounds  appHed  1.21  feet  from  the  back  of  the 
abutment.     The  vertical  component  of  this  pressure 


is  33,685  pounds  and  the  horizontal  component  is 
26,808  pounds. 

The  maximum  vertical  pressure  on  the  foundation  is 

therefore    ^j^rry^^  18,560   per  square   foot,   or  9.3 

tons  per  square  foot.  The  horizontal  pressure  of 
26,808  pounds  must  be  taken  by  friction  on  the  founda- 
tion and  pressure  against  the  vertical  rock  back  of  the 
abutment. 

(Continued  from  page  71) 

tration  for  the  county  was  computed.  This  method 
results  in  the  same  total  for  the  State  and  reflects  dif- 
ferences in  motor-vehicle  registration  in  1925  as  well 
as  differences  in  rates  of  population  growth  in  the  88 
counties.  The  expected  county  registration  growth, 
1925  to  1930,  varies  from  41.3  to  74.9  per  cent,  the 
latter  rate  resulting  from  a  rapid  rate  of  population 
increase. 

Since  traffic  increases  at  the  same  rate  as  motor- 
vehicle  registration,  the  expected  traffic  at  each  survey 
station  was  determined  by  applj^ing  the  county  rate  of 
registration  increase  to  each  traffic  station  in  the  county. 
The  resulting  forecast  of  traffic  at  each  station  is  shown 
in  the  appendix  of  the  full  report. 

Industrial  and  suburban  development,  as  well  as 
changes  affecting  the  present  highway  system  as  to 
location  of  routes,  routing  of  traffic,  and  detours  and 
conditions  of  improvement  influence  traffic  on  short 
sections  of  highway,  and  it  is  not  expected  that  these 
estimates  will  in  all  cases  reflect  exactly  the  actual 
traffic  in  1930,  but  it  is  believed  that  they  will  reflect 
with  reasonable  accuracy  highway  traffic  on  the  State 
highway  system  as  a  whole. 

In  certain  areas,  particularly  areas  of  sparse  popu- 
lation adjacent  to  centers  of  population,  a  very  impor- 
tant part  of  the  traffic  originates  in  the  centers  of  popu- 
lation. In  such  oases  a  traffic  forecast  based  on  the 
population  and  motor-vehicle  registration  in  the 
sparesely  populated  area  will  not  reflect  the  influence 
of  traffic  originating  outside  the  county  boundaries. 

To  allow  for  such  variations,  and  also  because  popu- 
lation estimates  based  on  arithmetical  progressions  ^ 
are  less  accurate  when  applied  to  smaller  areas  and 
when  forecasted  over  a  greater  number  of  years,  the 
traffic  forecast  for  1935  was  computed  on  the  basis  of 
the  State  increase  in  registration  between  1930  and 
1935  rather  than  for  increases  in  each  county.  The 
1935  forecast  therefore  represents  an  increase  of  28 
per  cent  over  the  forecast  in  1930  for  all  sections  of  the 
State.  Because  of  the  longer  period  of  time  and  the 
greater  probability  of  changes  in  the  rate  of  population 
growth  ih  motor-vehicle  use  and  in  changes  in  the 
State  highway  system,  the  traffic  forecast  for  1935  is 
expected  to  be  less  accurate  than  the  forecast  for  1930. 
It  has  therefore  been  applied  to  highway  sections 
rather  than  to  individual  points  and  is  expected  to 
reflect  traffic  conditions  in  1935  within  the  limits  ol 
accuracy  required  in  the  establishment  of  a  sound  plan 
of  highway  improvement. 

»  The  method  used  by  the  Bureau  of  the  Census. 
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THE  FIRST  INTERNATIONAL  SOIL  CONGRESS  AND  ITS 
MESSAGE  TO  THE  HIGHWAY  ENGINEER 

By  CHARLES  TERZAGHI,  Massachusetts  Institute  of  Technology,  Research  Consultant  to  the  Bureau  of  Public  Roads 


DURING  the  third  week  of  the  month  of  June, 
Washington,  D.  C,  welcomed  more  than  200 
representatives  of  soil  science  from  about  every 
part  of  the  civilized  world.  The  meeting  was  the 
result  of  the  cooperative  efforts  of  the  International 
Society  of  Soil  Science,  the  American  Society  of 
Agronomy,  and  the  United  States  Department  of 
Agriculture. 

The  papers  and  discussions  covered  practically  the 
whole  field,  the  application  of  soil  science  to  high- 
way engineering  representing  a  very  small  part  of  it. 
For  this  very  reason  the  congress  offered  a  favorable 
opportunity  to  survey  the  various  possibilities  for 
future  more  intimate  cooperation,  and  to  revise  if 
necessary  some  of  our  conceptions  by  discussing  them 
with  scientists,  who  approach  similar  problems  from 
a  dift'erent  angle.  However,  before  dealing  with  the 
present  situation  as  revealed  by  the  congress,  it  may 
be  useful  to  review  briefly  the  principal  points  of  con- 
tact between  soil  science  and  highway  engineering. 

THE  SOIL  SCIENTIST'S  AND  THE  AMERICAN  HIGHWAY  ENGINEER'S 
ATTITUDE  TOWARD  THE  SOIL 

Until  some  15  years  ago  road  construction  was 
essentially  considered  a  problem  in  surveying  combined 
with  the  application  of  a  few  simple  rules  of  construc- 
tion. Very  little,  if  any,  attention  was  paid  to  the 
subgrade.  Since  then  various  methods  have  been 
tried  for  distinguishing  between  poor,  medium,  and 
good  subgrades,  and  considerable  study  has  been  given 
to  the  physical  properties  of  the  subgrade  materials. 
Nevertheless  the  tendency  exists  to  consider  the  road 
as  detached  from  the  landscape,  the  road  consisting  of 
an  artificial  layer  of  construction  material  super- 
imposed on  a  layer  of  natural  material  with  a  variable 
resistance.  According  to  this  conception,  the  sub- 
grade  represents  a  second  layer  of  construction  material 
previously  deposited  by  nature,  either  to  the  advantage 
or  to  the  detriment  of  the  engineer.  Hence  the  efforts 
of  the  engineer  have  been  exclusively  directed  toward 
establishing  a  simple  classification  for  expressing  the 
relative  quality  of  this  second  layer. 

In  contrast  to  this  the  soil  scientist  considers  the 
soil  as  inseparably  connected  with  geographical  and 
climatic  facts.  His  research  extends  not  only  over 
the  surface  but  also  includes  the  stratification  of  the 
ground  in  a  vertical  sense  (subdivision  into  A,  B,  and 
C  horizons).  His  soil  lives,  has  a  definite  age,  a  certain 
history,  and  has  a  considerable  number  of  properties 
independent  of  those  inherent  iu  the  material  of  which 
the  soil  consists.  As  a  matter  of  fact,  most  of  the 
papers  presented  at  the  congress  dealt  with  the  soil 
not  as  a  material  but  as  a  local  product  which  reflects 
in  its  properties  a  great  number  of  difl'erent  factors, 
such  as  the  parent  material,  the  age,  the  drainage  con- 
ditions, the  type  of  vegetation,  the  climatic  conditions, 
and  many  others.  Under  such  circumstances,  it  is 
from  the  soil  scientist's  view  hardly  possible  to  pass 
reliable  judgment  on  anything  concerning  a  soil  with- 
out considering  it  in  connection  with  geomorphological, 
climatological,  and  structural  facts. 


As  an  example,  let  us  consider  what  the  geomorphol- 
ogist  calls  a  dissected  peneplain — that  means  an  ancient 
mountain  chaiii  which  in  the  course  of  time  was  first 
reduced  to  almost  a  plain  and  subsequently  was  dis- 
sected by  a  system  of  rivers  and  brooks.  As  a  result, 
the  landscape  consists  of  many  plateaus  with  a  more  or 
less  undulating  surface  separated  from  each  other  by 
valleys  with  steeper  slopes.  Many  such  peneplains 
can  be  found  throughout  the  world,  the  plateau  land- 
scapes of  central  New  England  among  them.  The 
landscape  as  faced  by  the  observer  represents  the  result 
of  a  series  of  geological  events,  viz,  the  formation  of  a 
mountain  chain  by  uplift,  the  gradual  wearing  down  of 
the  crests  and  peaks  by  atmospheric  agencies  and  creep 
until  they  practically  disappeared,  subsequent  lifting 
of  the  plateau  and  the  formation  of  the  valley  system. 
Hence  the  landscape  reflects  in  its  orographic  detail  a 
rather  intricate  history.  The  same  is  true  for  the 
anatomy  and  the  morphological  features  of  the  soil 
which,  lilvc  a  living  skin,  covers  the  landscape. 

As  a  matter  of  fact,  the  skm  is  the  only  part  of  the 
landscape  which  actually  participated  in  the  modifica- 
tion of  the  surface  topography.  It  is  within  and 
immediately  beneath  the  skin  where  the  process  of 
rock  destruction  and  transportation  took  place,  and 
the  skin  represents  what  was  left  of  the  material  which 
in  former  days  was  located  above  it.  As  a  consequence, 
the  skm  is  eveiywhere  precisely  as  old  as  the  part  of 
the  landscape  which  it  covers,  the  age  being  very  differ- 
ent in  different  localities.  On  the  plateau  the  soil  is 
very  old  and  varies  in  addition  according  to  the  nature 
of  the  parent  rock  located  beneath  and  according  to 
whether  it  covers  the  highest  or  the  lowest  spots  of  the 
area.  Along  the  slopes  the  soil  is  veiy  much  younger. 
It  is  in  a  state  of  continuous,  comparatively  rapid 
movement  down  the  slopes  (creep).  Again,  at  the 
same  age  and  slope  its  character  (degree  of  granulation, 
average  moisture  content,  permeability,  etc.)  may  be 
different,  according  to  whether  it  covers  a  north  or  a 
south  slope,  whether  it  is  located  near  the  edge  of 
the  plateau  or  near  the  bottom  of  the  valley,  on  a  low 
crest  or  between  two  crests.  In  brief,  the  physio- 
graphic character  of  the  landscape  as  revealed  by  the 
presence  of  crests,  valleys,  and  hollows  may  be  consid- 
ered a  vei-y  simplified  picture  of  a  corresponding  variety 
in  age,  composition,  and  structure  of  the  soil  skiii  which 
covers  it. 

HIGHWAY   ENGINEER  HAS  IGNORED   GEOMORPHOLOGICAL  FACTS 

Untn  a  short  time  ago  the  American  highway  engi- 
neer cared  but  very  little  about  all  these  geomorpho- 
logical details.  He  located  his  line,  sampled  the  narrow 
strip  of  land  which  in  future  will  represent  the  road, 
trusting  that  a  definite  relation  may  exist  between  the 
behavior  of  the  road  and  the  physical  properties  of  the 
raw  material  of  which  the  soil  at  that  particular  loca- 
tion consists.  Yet  in  constructing  his  road  on  top 
soils  with  similar  physical  character  his  eft'orts  may 
lead  to  success  or  failure,  depending  on  the  particular 
location  of  his  section,  which,  in  turn,  governs  the  hy- 
drogeological  conditions.     The  laboratory  investigation 
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of  the  raw  material  extracted  from  one  particular  stra- 
tum fails  to  inform  him  about  some  vital  factors;  for 
instance,  the  local  moisture  conditions  which,  in  our 
assumed  case,  nuiy  be  different  in  spite  of  the  ideiitity 
of  tlie  raw  nuilei'ials.  These  and  similar  conditions 
can  only  be  investi<2;at(>d  on  the  ground  by  a  competent 
observe'r;  but  until  (juite  recently  no  attempt  was  made 
by  American  highway  engineers  to  organize  a  field 
service  for  investigating  and  recording  the  geomorpho- 
logical  facts  which  have  a  bearing  on  highway  con- 
struction. 

Here  is  the  point  from  which  the  Russian  engineers 
started.  The  Russian  attempts  to  establish  scientific 
principles  for  subgrade  investigations  originated  at  a 
veiy  much  later  date  than  the  American  ones.  The 
American  ex]HM-iences  were  at  their  disposal.  In 
addition  to  this  it  was  in  Russia  where,  for  the  first 
time,  a  systematic  study  was  made  of  the  intimate 
relations  which  exist  between  the  soil,  the  physiographic 
charac-ter  of  the  landscape,  and  the  climatic  conditions. 
(V.  V.  Uokoutchaev,  189G-1900,  and  his  distinguished 
disciples  N.  M.  Sibirtzev  and  K.  D.  Glinka.)  Hence 
from  the  very  beginning  the  Russian  highway  engineers 
realized  the  weaknesses  inherent  in  the  American 
method. 

THE  RUSSIAN  METHOD  OF  SUBGRADE  INVESTIGATION 

The  Russian  attitude  toward  the  subgrade  problem 
was  recently  discussed  in  a  paper  presented  by  N.  Y. 
Prokhorov  to  the  U.  S.  S.  R.  Academy  of  Sciences. 
(1927,  Russian  Pedological  Investigations,  XII.)  This 
paper  contains  a  rather  severe  criticism  of  the  American 
methods  of  subgrade  investigation  and  gives  a  very 
interesting  review  of  what  has  been  done  in  Russia  to 
improve  upon  them.  As  a  result  of  some  preliminary 
work  carried  out  in  1923,  a  new  department  was 
created  in  1924  under  the  title  "Highway  research 
bureau  of  the  central  department  of  local  transport  of 
the  people's  commissariat  of  ways  and  communica- 
tions," including  subdivisions  for  laboratory  investiga- 
tions, engineering,  economic  studies,  soil  science,  and 
field  observations  (highway  research  parties).  The 
program  of  the  organization  clearly  expresses  the 
tendency  to  study  the  subgrade  in  connection  with 
the  landscape  and  the  climate  as  a  natural  body  and 
not  a  "chance  association  of  pulverized  matter." 
Soil  tests  made  in  the  laboratorj^  similar  to  those  prac- 
ticed in  the  United  States  form  part  of  the  program 
but  at  the  same  time  are  considered  second  in  im- 
portance. The  main  efforts  were  directed  toward 
establishing  standard  methods  for  expressing  the  results 
of  field  observations  on  road  maps  which  show  not  only 
the  character  of  the  narrow  strip  of  land  to  be  occupied 
by  the  I'oad  but  also  the  adjoining  belt,  together  with 
its  hydrogeological  characteristics  and  the  stratifica- 
tion of  the  soil  from  the  surface  down  to  the  parent 
material.  (See,  for  instance,  P.  K.  Khmyznikov, 
Methods  for  Mapping  Soil  Formations  in  Connection 
with  Highway  Construction;  V.  S.  Makarevich,  The 
Road  as  an  Object  of  Study  for  the  Geographer; 
Geomorphological  and  Pedo-Botanical  Maps  for  High- 
way Purposes,  for  the  Saratov  Colony  near  Leningrad, 
plotted  by  P.  K.  Khmyznikov.) 

Duritig  the  short  period  of  its  existence  the  highway 
research  bureau  has  estid)lished  highway  experunental 
stations  north  of  the  Caucasus,  in  Kharkov  (Ukraine), 
and  in  the  Far  East.  Others  are  planned  in  Moscow, 
Karelia,  and  Novosibirsk.     Field  studies  are  made  on 


experhnental  highways  and  on  existing  roads  which 
have  proved  to  be  either  outstanding  failures  or  suc- 
cesses (for  instance,  of  a  remarkably  well  preserved 
road  200  miles  long,  between  the  Reynovo  station  on 
the  river  Amur  and  the  Aldan  gold  fields).  Several 
new  road  piv>jects  were  handled  in  intunate  coopera- 
tion with  some  of  t.be  most  promiueut  s.3il  scientists 
with  special  consideration  of  the  possibilities  for  un- 
proving  the  quality  of  the  subgrade  by  admixture  of 
foreign  material  to  be  extracted  from  "subgrade  quar- 
ries." (A.  E.  Nazarenko,  Admixture  of  Subgrade  in 
the  Construction  of  Common  Roads.)  V.  V.  Nikitin 
and  B.  V.  Gervais  are  engaged  in  a  study  of  the  methods 
for  investigatmg  and  recordmg  cliinatological  facts  for 
highway  purposes.  Thus,  in  spite  of  the  brief  exist- 
ence of  the  highway  research  bureau,  it  is  probable 
that  there  has  been  accumidated  in  the  Russian  publi- 
cations sufficient  nuiterial  to  enable  us  to  pass  judgment 
on  how  far  the  Russian  engineers  have  succeeded  in 
turning  their  intentions  into  practice. 

A   COMPROMISE  BETWEEN   THE   AMERICAN   AND  THE  RUSSIAN 
METHOD  DESIRABLE 

There  is  no  denying  that  the  Russian  method  of 
dealmg  with  the  subgrade  problem  has  much  in  its 
favor.  A  laboratory  test,  no  matter  how  perfect  it  is, 
tells  only  part  of  the  story.  The  other,  and  probably 
more  important,  part  has  to  be  learned  by  direct  ob- 
servation m  the  field.  As  a  matter  of  fact,  by  its  own 
initiative  and  without  any  knowledge  of  the  Russian 
precedent,  the  Bureau  of  Public  Roads  has  included 
m  its  program  of  the  proposed  condition  survey  the 
cooperation  of  both  a  soil  scientist  and  a  geologist. 
The  first  is  expected  to  furnish  information  on  the  soil 
profile  and  the  second  on  the  geological  and  hydro- 
geological  conditions.  Yet,  for  the  time  being,  this 
measure  merely  expresses  the  fact  that  the  presence  of 
a  gap  is  felt.  The  question  of  how  to  fill  the  gap  is 
still  open.  It  remains  to  determine  what  to  observe 
and  how  to  condense  the  results  of  the  observations  into 
a  reasonable  amount  of  data.  In  connection  with 
these  questions  a  thorough  study  of  the  Russian  ex- 
periences undoubtedly  may  prove  to  be  both  very  stim- 
ulatmg  and  very  helpful. 

Yet  even  the  Russian  procedure  is  still  in  an  initial 
stage  of  development.  For  this  reason  it  was  par- 
ticularly profitable  to  get  at  the  soil  congress  first-hand 
information  concerning  where  we  stand  at  present  and 
to  investigate  how  best  to  take  advantage  of  the  recent 
developments  in  that  field.  In  what  follows  an  attempt 
is  made  to  present  the  results  of  this  investigation  and 
to  comment  upon  the  future  possibilities  of  keeping 
in  contact  with  the  diffei'ent  branches  of  soil  science. 

AGREEMENT    NOT    YET    REACHED    ON    SYSTEM    OF    SOIL 
CLASSIFICATION 

Soil  classification  for  foundation  purposes  was  dis- 
cussed in  a  paper  presented  by  the  writer.  It  should, 
however,  be  stated  in  advance  that  this  classification 
has  nothing  in  common  with  any  of  the  soil  classifica- 
tions worked  out  ])y  the  soil  scientists.  Foundations 
are  established  on  or  within  the  C  horizon  which,  by  its 
very  nature,  merely  represents  "an  accumulat  on  of 
pulverized  material."  Hence  the  classification  for 
foundation  purposes  is  based  exclusively  upon  mechani- 
cal properties,  as  is  the  classification  of  any  other  kind 
of  inorganic  construction  material.  In  contrast  to 
this  the  soil  scientist  dwells  upon  the  properties  of  the 


July,  1927  PUBLIC    KOADS  91 


top  soil  and  of  the  B  horizon,  which  are  in  a  state  of  neer  to  take  advantage  of  the  information  accuniu- 

continuous  change  and  wliich,  in  addition,  represent  lated  in  the  records  of  the  Bureau  of  Soils.     The  soil 

the  result  of  a  gradual  development.  classification  of  the  bureau  is  based  on  all  the  proper- 

In  constructing  a  road  we  depend  upon  the  resist-  ties  of  the  soils  irrespective  of  whether  or  not  they  have 
ance  of  the  subgrade.  Hence  the  mechanical  prop-  an  effect  on  their  quality  as  subgrades.  As  a'conse- 
erties  (compressibility,  elasticity,  consistency,  etc.)  of  quence,  the  soil  maps  show  an  alarmingly  great  variety 
the  layer  which  supports  the  road  are  factors  of  im-  of  soils,  hardly  any  soil  type  occurring  beyond  the 
portance  and  the  classification  of  the  raw  material  of  limits  of  a  rather  restricted  area.  Many  of  these  soils 
which  this  layer  consists  ought  to  be  based  on  purely  may,  from  the  highway  engineer's  point  of  view,  be 
mechanical  characteristics.  Yet  at  the  same  time  the  perfectly  identical.  Oii  the  other  hand,  the  same  soil 
prevalent  moisture  conditions  and  the  subdrainage  type  may  be  rather  different  in  its  properties  as  a  sub- 
depend  on  the  soil  profile  and  on  the  position  of  the  grade  accordiiig  to  its  location  within  the  landscape 
area  within  the  landscape.  For  properly  investigat-  and  according  to  the  hydrogeological  conditions  existing 
ing   and   expressing  these  facts  we  depend   upon   the  in  its  vicinity. 

methods    and    the    experience    of    the    soil    scientist.  The  only  method  for  remedying  this  situation  seems 

Therefore  we  are  vitally  interested   to  learn   to  what  to   consist  in   securing   the   services  of  soil   scientists 

extent  the  soil  scientist  has  succeeded  in  developing  who,  in  addition  to  their  expert  knowledge  in  the  field 

and  standardizing  his  methods  in  that  particular  field,  of  soil  science,  are  thoroughly  familiar  with  the  re- 

From  what  was  presented  at  the  congress  it  seems  quirements  of  highway  engineering.     Because  of  their 

evident  that  the  original  Russian  method  of  classifying  training  in  soil  science,  they  would  be  in  a  position  to 

the  soils  according  to  the  factors  instrumental  in  their  take  full  advantage  of  the  achievements  of  science  in 

history  has  been  superseded  by  a  classification  based  this  particular  field.     On  the  other  hand,  through  their 

upon    properties    inherent    in    the    soil.     For    several  permanent   contact  with   the  highway   engineer  they 

years  this  new  method  has  been  strongly  advocated  would  learn  to  discrmiinate  between  those  properties 

by  C.  F.  Marbut,  of  the  United  States  Department  of  of  the  soils  which  have  a  bearing  on  road  construction 

Agriculture,   and   to-day  its  merits  seem  even   to  be  and   those  which  can  be  considered  as  unimportant, 

recognized  by  the  representatives  of  the  Russian  school.  The  activities  of  such  highway  soil  scientists  would 

At  the  same  time  it  is  obvious  that  no  final  agreement  ultimately  lead  to  a  soil  morphology  similar  to  that 

has  yet   been   reached   concerning   the   properties   on  which  serves  as  a  basis  for  general  soil  surveys  yet 

which  such  classification  should  be  based.     Charles  F.  simplified   and  modified  for  highway  purposes.     The 

Shaw,    in   his    classification   of    California   soils,    con-  modification  of  the  basic  principles  would  be  associated 

sidered    the   foUowmg   properties:  (1)  Origin    (order),  with    a   modified    method    of   soil   mapping    specially 

(2)   Imie   content    (class),    (3)   parent   rock    (division),  adapted   for  highway   purposes.     The   results   of   the 

(4)  character  of  hardpan  layer  (family),  (5)  age  (stage),  soil  tests  would  merely  serve  as  acheck  on  the  infor- 

(6)  color  (group),  (7)  various  other  properties  (series),  mation  obtained  by  the  soil  scientists  in  the  field. 

S.  A.  Zakharov  bases  his  classification  on  the  following  That  is   precisely   the   way   in   which    things   have 

properties:   (1)  Color,   (2)  structure,   (3)  porosity  and  developed  in  Russia  since  1924,  and,  according  to  N.  J. 

compactness,   (4)  depth,   (5)  character  of  Neo  forma-  Prokhorov's  statement,  hoth  the  field  methods  and  the 

tions   (concretions   and  holes),    (6)   soil  skeleton,   and  methods  for  soil  mapping  for  highway  purposes  have 

(7)  soil  profile.  J.  Hendiick  and  G.  Newlands,  of  been  brought  to  a  certain  degree  of  perfection.  It  is 
Aberdeen,  Scotland,  give  much  importance  to  the  obvious  that  the  task  involved  in  developmg  such 
mineralogical  composition  of  the  "fine  sand  fraction,"  methods  is  a  job  neither  for  the  average  highway 
which,  according  to  their  opinion  and  experience,  is  engineer  nor  for  the  average  soil  scientist,  because  the 
closely  related  to  the  composition  of  the.  finest  soil  existing  methods  must  be  adapted  to  an  altogether  new 
constituents.  M.  M.  McCool,  Michigan,  calls  our  field  of  application.  Such  work  requn-es  a  keen  gift 
attention  to  the  importance  of  the  percentage  of  of  observation  and  independent  judgement  combined 
colloids  present  in  the  soil,  yet  admits  that  the  proper-  with  an  unusually  broad  knowledge  in  the  field  of 
ties  of  two  soils  with  an  equal  colloid  content  may  be  geomorphology,  hydrography,  and  soil  science.  Yet, 
veiy  different  depending  on  the  nature  of  the  colloids,  since  we  find  some  of  the  very  best  names  connected 
A.  F.  Lebedev,  from  Rostov  on  the  Don,  claims  that  with  the  Russian  venture  (Glmka,  Gedroiz,  Krynin  and 
soil  mapping  based  on  the  determmation  of  soil  types  many  others),  much  labor  and  disappomtinent  could  be 
is  "indefinite  and  incomplete,  the  point  of  view  of  avoided  by  a  more  intimate  contact  with  the  work  of 
the  investigator  prevailing."  He  proposes  to  prepare  the  Russian  investigators.  ,  .,  .  .  , 
separate  maps  showing  the  distribution  of  the  moisture  An  exceptional  position  m  the  soil  system  is  occupied 
content  or  mechanical  composition,  reaction  facts,  air  by  the  soils  of  almost  purely  organic  origm  (peat  muctv, 
content,  and  other  physical  facts.  The  value  of  such  and  others).  In  contrast  to  the  other  soils  they  are 
maps  would  remain  unaft'ected  by  a  change  in  our  almost  international  m  their  character,  each  type  ot 
methods  of  soil  classification  and  broaden  the  field  peat  deposit  occurring  m  widely  separated  parts  ot  the 
of  possible  application  of  the  results  of  surveys.  globe.     This  fact  was  brought  out  by  A  P.  Dachnowski 

^                ^^  of  the  United  States  Department  of  Agriculture.     He 

HIGHWAY  ENGINEERS  MUST  SECURE  ASSISTANCE  OF  SOIL  distinguishes  between  four  fundamental  types  of  peat 

SCIENTISTS  _^^^^^  develops  the  basic  principle    for  the  classification 

As  a  result  of  the  lack  of  agreement  combined  with  of   soils    «{  organic   ongiiK     The    be^^-mg   of   Doctor 

a  rather  general  confusioii  concerning  the  terminology  ^:^^^l^^:^^L  Tpa'pt  published  i^the 

of  soil  science   we  are  still  very  far  from  a  umve  ^al  y  ^f^^/^^^^^^of   Public   RoIds.'     Because   of   the 

accepted  method  of  soil  survey.     Buc  even  withm  the    Jeoiuaij/  

same  State,   for  instance,   within   the  boundaries  of  the  ,  pjnggmement  in  Peat  Marshes,  by  v.  R,  Burton,  public  roads,  vol.  7,  No.  12, 

United  States,  it  is  very  difficult  for  the  highway  engi-  Feb.  1927. 
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uniform  character  of  peat  deposits,  it  will  ultimately        L.  Smolik  concluded  from  some  of  his  experiments 
e   possibr^^^^  experience   gained   m   one    that  the  fresh  soil  coutains  a  higher  percentage  of  very 

ocaMy  \rsimilar  constructi«,n  work  to  be  executed  in    fine  material  (par  icles  smaller  than  0  002  mil  imeters) 
ma?!^^  otLi    jZes      Hugo  Osvald,   of   Jonkoping  in    than  the  same  soil  after  being  dried  at  room  tempera- 
Sweden,  sho^ved  very  instructive  cross  sections  of  two    ture^  interesting  physical  facts  brought  to 
peat  bogs  ni  Maine.                                                                  the  attention  of  the  congress  concerns  the  effect  of 
NEW  DEVELOPMENTS  IN  SOIL  PHYSICS  PRESENTED              clectro-cndosmose  ou  the  coefficient  of  friction  between 

wet  soil  and  steel.  By  sending  an  electric  current 
In  the  field  of  soil  physics  one  can  not  escape  the  through  the  soil  the  coefficient  of  friction  between 
depressing  feeling  that  much  time  and  efforts  is  wasted  ^|^g  negative  electrode  and  the  soil  decreases,  the 
because  the  investigators  are  quite  often  unfamiliar  ainounr  of  the  decrease  ranging  between  zero  and  80 
with  some — if  not  with  all — of  the  physical  principles  p^j.  ^.^^^  ^f  \^^  original  value,  and  the  rate  of  decrease 
involved  in  their  investigations.  Compression  tests  (depending  on  the  intensity  of  the  current  and  the  water 
are  made  without  paying  any  attention  to  the  laws  of  content  of  the  clay.  According  to  the  diagram  ex- 
the  resistance  of  materials.  Authors  speak  about  j^ii-^ited  by  B.  A.  Keen,  of  the  Kothamsted  Experi- 
"permeabihty"  as  if  the  permeability  of  a  soil  could  be  j^^ental  Station,  a  decrease  of  80  per  cent  in  friction 
expressedby'asinglenumerical  value,  and  no  distinction  Y^lue  corresponds  to  a  water  content  of  20  to  23  per 
is  made  according  to  whether  the  permeable  system  ^.^j^^^  ^^^  ^^  a  voltage  of  about  60.  A  further  increase 
has  a  perfectly  rigid  or  a  deformable  structure.  Mois-  ^f  ^^^^  voltage  has  but  little  effect  on  the  friction.  At 
ture  equivalent  and  plasticity  are  discussed  as  if  they  the  surface  of  contact  between  the  soil  and  the  positive 
had  no  connection  with  the  common  laws  of  physics,  electrode  the  friction  shows  a  corresponding  increase. 
The  same  is  true  for  what  concerns  the  volume  changes  According  to  Prof.  J.  Schetelig,  of  Oslo,  Norway,  tests 
and  the  capiUary  phenomena.  Yet  there  are  some  ^y^j-Q  made  in  Norway  which  seem  to  show  that  the 
noteworthy  exceptions  to  this  rule,  which  is  proved,  for  g^dden  decrease  in  internal  friction  associated  with  the 
instance,  by  the  high  standard  of  the  work  performed  gliding  of  certain  blue  glacial  clays  is  also  an  electric 
at  the  Rothamsted  Agricultural  Experiment  Station  in  phenomenon  caused  by  a  change  in  the  state  of  polar- 
Harpenden,  England.  ization  at  the  boundary  between  the  mica  flakes  and 

The  eft'orts  of  the  Bureau  of  Public  Roads  formed    ^^e  water.     These  discoveries  certainly  will  have  sooner 
part  of  the  subject  of  a  paper  presented  to  the  congress    qj.  j^^er   an  important  bearing   on    every    branch    of 
by  the  writer.     They  essentially  consist  in  a  systematic    engineering  dealing  with  soils, 
study  of  the  purely  mechanical  properties  (compressi- 
bility,   elasticity,    consistency,    permeability,    and    the    methods  for  investigating  drainage  properties  in  con- 
like)  of  the  raw  material  of  the  soils  and  in  an  attempt 

to  correlate  all  these  properties  with  the  results  of  simple        The   methods   for   investigating   the   drainage   pro- 
and  rapid  routine  tests.     As  a  result  of  this  attempt,    perties  of  the  soils  are,  as  it  seems,  still  in  a  very  con- 
the  bureau  expects  to  establish  what  may  be  called  a    troversial   state.     For    the    time   being   five   ditt'erent 
calibration  of  the  simple  routine  tests — a  set  of  charts    methods   are   used   for   estimating   the   drainage   pro- 
by  means  of  which  one  could  determine  without  any    perties,  viz,  (1)  mechanical  analysis  (Kopecky,  Fauser) 
further  effort  all  the  dift'erent  features  of  the  mechani-    (2)  hygroscopic! ty  (Rodewald-Mitscherlich),  (3)  deter- 
cal  character  of  the  soil.     Since,  for  each  example,  the    mination  of  the  specific  surface  of  the  soil   (Zunker), 
]-outine  tests  do  not  require  more  than  about  one  hour    (4)   direct  determination  of   the  permeability   of   the 
of  actual  work,  the  calibration  may  ultimately  repre-    undisturbed    soil     (Freckmann,    Jaenert,    Schroeder), 
sent  the  most  efficient  means  for  rapidly  investigating    and  (5)  from  observations  while  lowering  the  ground- 
any  given  material,  regardless  of   the  purpose  of  the    water  level.  There  are  claims  that  every  one  of  these 
investigation.     It  is  clearly  recognized  that  the  infor-    methods  is  successful,  yet  the  results  obtained  by  means 
uuition  thus  obtained  will  form  a  fraction  only  of  the    of    the    various    metlaods    vary    within    wide    limits, 
information  required  for  judging  the  character  of  a  sub-    This,    after   all,   is   not  surprising,   because   the  mere 
grade.    Yet,  within  its  limits,  the  method  will  fully  serve    presence  of  drains  changes   the  nature  and  the  per- 
its  purpose,  securing  a  maximum  of  information  with  a    meability  of  the  adjoining  soil  in  a  way  which  can 
minimum  effort.     B.  A.  Keen  and  J.  R.  H.  Coutts,  of    certainly  not  be  predicted  from  the  result  of  a  per- 
the  Rothamsted  Experimental  Station,  presented  valu-    meability  test  performed  in  the  laboratory.     Hence  it 
able  data  on  the  effect  of  the  organic  constituents  on    was  enjoyable  to  learn  at  the  congress  about  the  in- 
the  physical  properties  of  the  soils.     By  treating  their    creasing  attention  paid  to   actual  field  tests.     W.  J. 
samples    with   hydrogen    peroxyd,  they   succeeded  in    Schlick,  of  the  Iowa  State  College;  F.  O.  Bartel,  of  the 
almost    completely  removing  the  organic  constituent    United    States    Department    of    Agriculture;    and    R. 
without  materially  changing  the  character  of  the  in-    Janota  from  Prague,  Czechoslovakia,  reported  on  the 
organic  fraction.     By  using  this  method  they  removed    results  of  rather  "extensive  tests  made  in  the  field  for 
the  organic  constituents  from  40  dift'erent  samples  and    the  purpose  of  investigating  the  relations  which  exist 
investigated  the  physical  properties  of  both  the  treated    between  the  permeability  of  the  underground  (according 
and  the  untreated  samples.    The  investigations  included    to  the  results  of  laboratory  tests),  the  position  of  the 
the  hygroscopic  water  content,  the  water  content  at  50    water  table,  and  the  run-off.    Janota  supplemented  his 
per  cent  relative  humidity,  the  volume  change  due  to    data  with  the  results  of  observations  concerning  the 
drying,  and  the  "  sticky  limit."     The  test  residts  showed    changes  which  occurred  in  the  soil  while  draining  it. 
among  other  things  that  the  removal  of  the  organic        C.^W.  Botkin,  of  the  New  Mexico  college,  investi- 
matenal  caused  a  lowering  of  the  "sticky  limit."  gated  in  the  laboratory  the  effect  of  alkali  and  fertilizers 
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on  the  permeability  of  Gila  clay  and  Gila  clay  loam. 
He  found  that  all  those  ingredients  which  cause  floc- 
culation  also  increase  the  permeability,  while  the 
deflocculating  agents  made  the  soil  more  impermeable. 
Some  interesting  observations  concerning  the  im- 
portance of  irrigation  by  condensation  were  reported 
by  A.  F.  Levedoff.  The  amount  of  water  drawn  by 
the  top  soil  of  the  semiarid  regions  of  southern  Russia 
out  of  the  air  during  the  night  by  condensation  was 
found  to  be  not  less  than  70  millimeters  per  year 
(about  3  inches).  L.  B.  Olmstead,  of  the  Depart- 
ment of  Agriculture,  presented  thermograph  records 
showing  the  variations  in  temperature  of  the  air  and 
of  the  soil  at  a  depth  of  1,  6,  and  18  inches,  on  a  bare, 
uncultivated  plot  at  Arlington,  Va. 

NEW  EVIDENCE  THAT  QUANTITY  OF  COLLOIDS  DOES  NOT  DETER- 
MINE CHARACTER  OF  SOIL 

There  are  few  facts  in  soil  science  which  acted 
stronger  on  the  imagination  of  foundation  and  highway 
engineers  than  did  the  colloid  content  of  the  soils.  It 
was  apparently  believed  that  the  "soil  colloid"  is  a 
specific  and  well-defined  substance  with  very  unusual 
properties,  and  that  the  quantity  of  this  substance 
present  in  the  soil  alone  is  sufficient  to  determine  the 
character  of  the  soil.  The  soil  congress  merely  brought 
some  new  and  rather  convincing  evidence  that  the  soil 
colloids  may  differ  from  each  other  as  widely  as  the 
properties  of  the  soils.  Thus,  Saute  Mattson,  of 
Sweden,  reported  on  the  results  of  tests  with  seven 
different  soil  colloids  whose  ratio  of  Si02  to  AI2O3  +  Fe203 
ranged  between  the  limits  0.55  and  3.82.  The  red  and 
yellow  colloids  with  a  low  ratio  were  found  to  absorb 
considerably  more  anions  from  hydrochloric  and 
sulphuric  acid  than  did  the  gray  colored  ones  with  a 
high  ratio.  The  same  investigator,  by  treating  the 
colloidal  fraction  of  a  soil  with  AICI3,  succeeded  in 
splitting  the  fraction  up  into  two  parts  with  consider- 
ably different  ratios  of  Si02  to  Al203  +  Fe203. 

M.  M.  McCool,  of  Michigan,  observed  a  remarkable 
difference  in  color  and  tenacity  between  those  colloids 
which  accumulated  at  the  base  and  those  colloids 
which  formed  the  top  part  of  the  sediment  in  the  tubes 
of  the  supercentrifuge,  although  both  colloids  came 
out  of  the  same  soil.  Some  soils  with  20  per  cent 
colloids  extracted  from  a  B  hoiizon  were  found  to  be 
far  more  tenacious  than  others  with  40  to  70  per  cent. 
These  few  examples  may  be  sufficient  to  demonstrate 
once  more  that  the  quantity  of  colloids  present  in  the 
soil  is  far  away  from  determining  the  character  of  the 
soil.  In  order  to  learn  something  about  the  soil  it  is 
also  necessary  to  determine  the  type  of  the  colloids 
contained  in  the  soil  and  their  state  of  adsorptive 
saturation.  Under  these  conditions,  soil  chemistry 
may  provide  us  sooner  or  later  with  some  useful  supple- 
mentary routine  tests,  but  the  center  of  gravity  of  our 
laboratory  methods  will  continue  to  reside  in  the 
physical  soil  testing. 

CERTAIN  SOIL  INGREDIENTS  ATTACK  CONCRETE 

The  only  aspect  of  soil  chemistry  which  is  of  vital 
interest  to  the  highwaj'  engineer  concerns  the  eft'ect  of 
certain  soils  on  concrete.  G.  Wiegner  and  H.  Gessner, 
from  Zurich,  reported  on  the  results  of  very  extensive 
investigations  made  by  the  "commission  for  the  inves- 
tigation of  the  deterioration  of  concrete  pipes  in  recla- 


mation districts."  In  certain  parts  of  Switzerland  the 
deterioration  of  cement  pipes  occurred  on  an  alarn)ing 
scale.  Subsequent^  investigations  showed  that  the 
cement  pipes  were  damaged  even  in  localities  where  no 
detrimental  effect  of  soil  conditions  on  the  pipes  was 
expected.  The  destruction  was  found  to  be  due  to 
acidic  soil  reaction,  to  the  presence  of  carbonic  acid  in 
the  ground  water,  the  presence  of  a  high  content  of 
gypsum  (certain  peat  deposits),  or  of  a  high  content  of 
magnesium  (certain  soils  rich  in  lime).  Great  density 
of  the  concrete  or  mortar  is  apt  to  retard  but  not  to 
prevent  the  ultimate  destruction.  Based  on  the  results 
of  the  investigations,  the  commission  considers  it 
necessary  to  request  an  analysis  of  the  subsoil  in  con- 
nection with  any  reclamation  project  which  involves 
a  considerable  investment  in  cement  or  concrete 
drainage  pipes.  It  may  be  that  concrete  road  surfaces, 
too,  could  be  damaged  in  contact  with  soils  whose 
ingredients  attack  the  cement.  If  this  be  the  case,  the 
experiences  incorporated  in  the  reports  of  the  Swiss 
commission  may  be  of  great  value. 

The  Russian  delegates  exhibited  a  most  instructive 
set  of  complete  soil  profiles  showing  the  variation  with 
varying  depth  of  the  hygroscopic  water  content,  the 
humus  content,  the  content  in  Fe203,  AI2O3,  Si02,  the 
percentage  of  particles  smaller  than  0.01  millimeter 
present  in  the  soil,  and  the  base  adsorption  in  calcium 
equivalent.  Although  such  profiles  have  no  direct 
bearing  on  highway  problems,  they  demonstrate  the 
necessity  of  investigating  not  only  the  topsoil  but  the 
whole  soil  profile. 

METHODS  OF  TESTING  DISCUSSED 

Among  the  discussions  on  the  methods  of  testing, 
the  methods  for  performing  the  mechanical  analysis 
maintained  their  prominent  place.  Wiegner  and 
Gessner,  of  Zurich,  exhibited  a  very  ingenious  device 
whose  operation  merely.^  requires  the  dispersion  of  the 
soil  by  shaking  the  apparatus,  the  turning  on  of  a 
light,  and  the  setting  in  motion  of  a  revolving  film. 
One  or  two  days  later  the  grain  size  curve  can  be 
taken  irom  the  drum.  (Price  approximately  SI 50.) 
The  Rothamsted  Agricultural  Experiment  Station 
showed  another  apparatus  by  means  of  which  the 
mechanical  composition  of  the  soil  can  be  determined 
from  the  density  of  samples  withdrawn  from  the  sedi- 
mentation tank  with  a  pipette. 

Yet  it  still  remains  doubtful  to  what  extent  the 
results  of  the  analysis  can  be  relied  upon  and  how  the 
samples  should  be  treated  prior  to  the  analysis  so  as 
to  secure  perfect  dispersion.  Charles  F.  Shaw  and 
E.  V.  Winterer,  of  the  University  of  California,  call 
attention  to  a  fundamental  error  associated  with  every 
type  of  mechanical  analysis  based  on  the  velocity  of 
settling.  On  account  of  their  electric  charge,  the  par- 
ticles do  not  move  vertically  downward  but  diagonally 
toward  the  wall,  and  the  process  of  sedimentation 
proceeds  simultaneously  with  a  flocculation  near  the 
walls  of  the  vessel.  Hence,  he  raises  the  question 
whether  it  is  possible  at  all  to  determine  the  percentage 
of  particles  smaller  than  0.002  millimeter  with  a  rea- 
sonable degree  of  accuracy  by  any  method  based  on 
the  rate  of  setthng.  G.  J.  Bouyoucos,  of  the  Michigan 
Agricultural  Experiment  Station,  goes  even  furthei- 
than  that.  He  states  that  the  colloidal  content  of 
soils  as  indicated  by  the  hydrometer  method  is  very 
much  higher  than  the  one  determined  by  mechanical 
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analysis,  to  siicli  an  extent  that  a  new  and  radical 
textviral  reclassification  of  the  soils  is  needed.  M.  M. 
McCool,  of  Michigan,  too,  points  out  that  the  results 
obtained  by  the  standard  method  of  mechanical  anal- 
ysis do  not  represent  the  true  amounts  of  fine  sand, 
silt,  and  clay.  Finally,  considering  the  amount  of 
labor  required  to  prepare  the  samples  for  the  mechani- 
cal analysis  and  the  uncertainty  of  the  effect  of  such 
treatment  on  the  soil,  the  analysis  remains  a  rather 
unattractive  test. 

Yet  even  discai-ding  tlie  mechanical  analysis  irom 
the  routine  program,  the  necessity  exists  to  separate 
the  coarse  sand  fraction  from  the  finer  material.  For 
this  kind  of  work  a  very  convenient  tool  has  been 
invented  l)y  M.  Koehn  and  R.  Albert.  It  is  based  on 
the  principle  of  separation  of  the  particles  according 
to  grain  size  by  an  upward  current  of  water.  The 
current  is  produced  by  a  centrifugal  pump  coupled 
with  a  motor  which,  by  means  of  a  special  type  of 
coupling,  accurately  regulates  the  speed  of  the  flow. 
Thus  the  sepai-ation  of  the  soil  into  fine  and  coarse 
constituents  proceeds  automatically. 

How  to  determine  and  express  the  color  of  the  soils 
is  another  rather  important  problem.  At  the  Bureau 
of  Public  lloads  the  color  standards  and  color  nomen- 
clature by  Robert  Ridgeway  are  used.  This  method 
is  neither  accurate  nor  convenient,  and  the  names  of 
the  colors  mean  nothing  except  to  those  who  are 
thoroughly  familiar  with  both  the  colors  and  the 
standard.  As  a  result  of  the  labors  of  the  soil  colors 
standards  committee  of  the  American  Soil  Survey 
Association,  a  factorial  system  'of  color  description 
will  soon  be  available  for  general  use.  According  to 
this  system,  the  dift'erent  colors  can  be  produced  by 
the  rapid  rotation  of  colored  disks,  the  value  of  the 
color  being  expressed  by  the  percentage  of  space  occu- 
pied by  the  elementary  colors  on  the  revolving  disk. 
The  Russian  soil  experts  use  W.  Ostwald's  system, 
which  is  essentially  based  on  the  ratio  between  color, 
black  and  white.  T.  M.  Bushnell  points  out  that 
the  soil  colors  do  not  include  more  than  6  per  cent 
of  all  the  existing  colors. 

NEW    DYNAMOMETER    MAY    BE    USEFUL    TO    HIGHWAY    ENGINEER 

A  very  important  innovation  consists  in  the  Rotham- 
sted  self-registering  dynamometer.  This  dynamome- 
ter serves  for  measuring  the  variations  in  the  resistance 
of  the  ground  against  the  cutting  action  of  the  plow. 
It  essentially  consists  of  a  curved  brass  tube  filled  with 
oil,  the  tube  being  inserted  between  the  tractor  and  the 
plow.  The  strain  produced  in  the  tube  by  the  pull  of 
the  tractor  is  recorded  on  a  traveling  strip  of  celluloid 
with  a  magnification  of  20  to  1.  By  traveling  with  a 
plow  back  and  forth  over  a  field,  the  data  were  obtained 
for  plotting  the  curves  of  equal  resistance.  The  results 
furnished  by  such  operations  disclosed  the  important 
fact  that  the  resistance  of  the  soil  varies  within  wide 
limits,  from  point  to  point,  even  on  fields  which 
according  to  their  appearance  seemed  to  be  perfectly 
uniform.  Repeating  the  test  at  different  times  of  the 
year  under  different  moisture  conditions,  practically 
the  same  curves  of  equal  resistance  were  obtained, 
although  the  absolute  values  of  the  resistance  were  very 
different. 

This  reminds  us  of  the  fact  that  in  a  vertical  sense, 
too,  the  character  of  the  strata  varies  from  point  to 
point,  and  the  data  obtained  by  the  Rothamsted  tests 
give  us  some  conception  of  the  importance  of  the  errors 


due  to  the  limited  number  of  samples  taken  in  the  field 
in  connection  with  road  surveys.  It  may  be  that  the 
Rothamsted  dynamometer  could  be  used  in  connection 
with  the  soil  survey  for  road-construction  purposes. 
A  chaiamometer  record  would  cover  the  full  length  of 
the  road.  It  would  give  us  reliable  information  con- 
cerning the  variations  in  the  resistance  of  the  ground. 
It  would  disclose  the  presence  of  weak  or  excessively 
humid  spots  and  would  serve  as  a  guide  for  properly 
selecting  the  soil  samples.  Yet  the  application  of  the 
dynamometer  method  would  obviously  be  confined  to 
surveys  on  level  or  very  slightly  inclined  ground  outside 
of  forested  districts. 

Finally,  the  tools  for  sampling  should  be  mentioned. 
A.  P.  Dachnowski,  of  the  Department  of  Agriculture, 
displayed  the  tools  which  he  uses  in  his  investigation  of 
peat  deposits.  His  peat  sampler  furnishes  undisturbed 
cores  of  peat  6  inches  long  and  with  a  diameter  of  three- 
fourths  of  an  inch.  This  tool  certainly  should  be  used 
by  every  highway  engineer  who  has  to  deal  with  peat 
deposits.  The  Missouri  Agricultural  Experiment  Sta- 
tion exhibited  a  tool  for  obtaining  cores  16  inches  long, 
with  a  diameter  of  6  inches,  from  the  bottom  of  pits. 
It  consists  of  a  core  barrel  which  closely  fits  tlie  speci- 
men and  of  a  rotating  shell  whose  lower  edge  is  provided 
with  three  cutting  knives.  By  rotating  the  shell,  a 
groove  is  cut  all  aiound  the  specimen.  As  soon  as  the 
to])  of  the  core  arrives  at  the  upper  edge  of  the  core 
barrel,  the  shell  is  withdrawn  and  the  core  remains 
protected  by  the  barrel  and  surrounded  by  an  annular 
space.  H.  H.  Musselman,  of  the  Michigan  wState 
College,  exhibited  a  sampler  for  taking  marl  cores. 

CONCLUSIONS 

The  first  international  soil  congress  gave  to  the  high- 
way engineer  a  chance  to  survey  the  possibilities  for  a 
closer  cooperation  with  the  Bureau  of  Soils  and.  siinilar 
institutions.  From  the  papers  presented  at  the  con- 
gress it  became  evident  that  the  methods  used  by  the 
soil  scientist  require  a  rather  thorough  modification  to 
be  applicable  to  highway  engineering.  At  the  same 
time  it  was  learned  that  the  Russian  highway  engineers, 
m  close  cooperation  with  their  soil  experts,  have  made 
what  seems  to  be  a  successful  effort  to  work  out  the 
required,  modifications,  thus  making  it  possible  to  utilize 
the  results  of  soil  research  to  full  advantage.  Hence,  it 
seems  desirable  to  make  a  careful  survey  of  the  present 
practice  of  the  Russian  methods  of  subgrade  investi- 
gation. 

Among  the  different  branches  of  soil  science,  soil 
genesis,  soil  morphology,  and  the  methods  of  soil 
survey  undoubtedly  have  the  most  direct  bearing  on 
highway  '^  engineerhig.  The  results  obtained  in  the 
field  of  soil  physics  are  helpful  masmuch  as  they 
deepen  our  msight  mto  the  mechanics  of  soil  behavior. 
Soil  chemistry  may,  sooner  or  later,  furnish  some  useful 
supplementary  routine  tests.  Yet,  as  a  whole,  the 
points  of  contact  between  soil  chemistry  and  highway 
engineering  are  of  minor  importance. 

Valuable  data  were  presented  concernmg  the  detri- 
mental effect  of  certain  soil  solutions  on  cement  pipes 
and  on  concrete. 

xVmong  the  new  tools  which  were  developed  during 
the  last  few  years  the  following  seem  to  be  of  interest 
to  the  highway  engineer:  A  machuae  for  automatically 
extracting  the  sand  fraction  out  of  the  soil,  the  Rotham- 
sted self-registerij^g  dynamometer,  and  various  tools  for 
obtaining  undisturbed  samples  of  soil. 
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PART  1  of  this  article,  |)uhlished  in  the  preceding 
issue  of  Public  Roads,  presented  the  derivation 
of  formulas  for  arch  design  and  the  calculations 
for  the  design  of  a  symmeti'ical  arch  using  the  forms 
which  have  been  developed  to  lessen  the  labor  and 
chances  of  error  in  arch  calculations.  It  will  be 
assumed  that  the  reader  is  familiar  with  the  preceding 
article,  and  an  example  will  be  worked  out  for  an 
unsymmetrical  arch,  explaining  only  such  steps  as  have 
not  already  been  discussed. 

FORMULAS  FOR  UNSYMMETRICAL  ARCHES 

The  following  formulas  for  unsymmetrical  arches 
were  derived.  They  are  applicable  to  either  symmet- 
rical or  unsymmetrical  arches,  but  for  symmetrical 
arches  it  is  much  easier  to  use  them  in  the  simplified 
form  previously  explained. 
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CALCULATIONS  FOR  AN  UNSYMMETRICAL  ARCH 

An  unsynunetrical  arch  of  the  dimensions  shown  in 
Figure  1  is  to  be  designed- to  carry  a  live  load  of  125 
pounds  per  scjuare  foot  and  to  withstand  a  rise  of  tem- 
perature of  30°  F.  or  a  fall  of  40°. 

The  general  method  of  procedure  is  identical  with 
that  described  for  synnnetrical  arches.  The  dimen- 
sions of  the  arch  ring  and  reinforcement  may  be  arrived 
at  by  any  of  the  methods  in  general  use,  and  a  drawing 
similar  to  Figure  1  is  prepared  on  a  scale  of  1  inch  to 
3  feet.  For  unsymmetrical  arches  it  is  necessary  to 
draw  the  entire  arch  ring. 

Computations  are  entered  in  12  tables,  which  can  be 
conveniently  arranged  on  six  sheets  of  letter-size  paper 
grouped  as  presented  hei-e.  Bold-face  type  is  used  to 
indicate  the  results  of  calculations,  and  plus  and  minus 
signs  which  are  the  same  for  all  arches  and  nuiy  be 
printed  on  the  blank  foi'ms.  Since  the  arch  is  unsym- 
metrical, the  tables  nuist  be  filled  out  for  the  entire 
arch  ill  every  case.  As  in  the  preceding  example  for  a 
symmetrical  arch,  coeflicients  will  be  determined  for  a 
load  of  unity  at  the  various  points,  and  these  coefficients 
will  be  api)iied  to  the  d(>ad  and  live  load  to  determine 
the  stresses. 

Table  1.  Compvtations  for  A. — This  table  is  filled 
out  in  the  same  way  as  Table  1  for  the  symmetrical 
arch  and  requires  no  additional  explanation. 
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Table  2.   CoinputaHoiis   for  ,^Z  (z-k)  A 

-'11  \ 

The  value  of  this  expression,  wliich  Mp])ears  in  the  for- 
mula for  \\,  was  not  found  for  the  symmetrical  arch, 
since  it  is  multiplied  by  G,  which  in  the  case  of  the 
symmefrical  arch  is  zero.  The  valu(>  of  y  for  each  of 
the  20  points  is  scaled  and  recorded  in  column  12.  The 
value  of  yA,  column  13,  is  the  product  of  the  correspond- 
ing values  of  y  and  A  in  columns  12  and  11.  The  sum 
of  column  13  should  be  divided  by  the  sum  of  column 

1 1  and  the  value  of  "^J!    is  recorded  in  the  place  provided 

on  the  same  sheet  with  Tables  1  and  2. 

ZwA 
Column   14   is  computed    by  subtracting    ^^    f'"0"i 

each  value  of  y.  Column  15  is  computed  by  multi- 
plying each  term  in  colunm  14  by  the  corresponding 
term  in  column  11.  If  the  work  in  columns  13,  14, 
and  15  is  correct,  the  sum  of  column  15  will  be  zero. 

Columns  16  and  17  are  computed  in  exactly  the  same 
manner  as  explained  for  columns  36  and  37  of  Table  4 
for  symmetrical  arches.  The  figure  opposite  pomt  20 
in  column  16  is  alwavs  zero.  To  this  add  the  figure 
opposite  point  20  in  column  15  with  its  proper  algebraic 
sign  and  write  the  result  in  the  next  space  m  column  16. 
To  this  add  algebraically  the  next  figia-e  in  column  15 
which  is  opposite  point  19,  and  set  down  the  sum  m  col- 
umn 16  opposite  point  18.  Then  add  the  next  figure 
in  column  15  and  continue  this  process  to  the  top  of 
the  page.  Since  the  sum  of  column  15  is  zero  the 
top  figure  in  column  16,  opposite  pomt  1,  will  be 
numerically  equal  to  the  top  figure  in  column  15. 
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Fig.   1. — ^'Sketch  of  Arch  Ring  Showing  Principal  Dimensions  and  Load  Points 
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Table   1.— Computations  for  A  Table  2. — Compulations  for  2-(^'^^")-^(  ^"^  "sA  / 
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The  figure  in  column  17  opposite  point  20  is  zero. 
In  the  next  space  opposite  point  19  set  down  the  figure 
taken  from  column  16  opposite  point  19  with  its 
proper  algebraic  sign.  To  this  add  algebraically  the 
figure  taken  from  column  16  opposite  point  18  and  set 
down  the  result  in  column  17  opposite  point  18.  Con- 
tinue this  summation  to  the  top  of  the  page.     Column 

1  '  / 

17   will  then   contain  the  values  ^"^  (z  —  ]c)aI  y 

for  a  load  of  unity  placed  successively  at  each  load  point. 

The  values  of  z  which  are  always  the  same  when  the       , 

arch  ring  is  divided  into  20  parts    are  permanently    ^  2  (2  -  ^)  A  (e -^^)   for    a    load    of    unity    placed 
printed  m  column  19.     Columns  20,  21,   and  22   are    2  a  '     \        2A  /  -^     ^ 

computed  as  indicated  at  the  heads  of  the^columns.    successively  at  each  load  point. 

^^^  ■     ^  TaUe  4- — Computations  for  B,  C,  F,  and  G. — These 

terms  are  constant  for  any  particular  arch  ring,  since 


Table  3.   Compntations  for    r,  2  (2 

2  a 


termined  and  the  result  set  down  in  the  space  provided 

on  the  sheet  contahiing  Tables  3  and  4.     If  the  arch  were 

S2A 
symmetrical  ^rr  would  equal  20,  and  when  unsymmet- 

rical  it  should  not  differ  from  20  a  great  amount  unless 
the  arch  is  very  far  from  being  symmetrical. 

Column  23  is  computed  from  column  22  in  the  same 
way  that  column  16  was  computed  from  column  15. 
The  sum  of  column  22  should  be  zero  if  the  numerical 
work  is  correct  and  the  top  figure  in  column  23  opposite 
point  1  should  be  numerically  equal  to  the  top  figure 
in  column  22.  Column  24  is  computed  from  column 
23  in  the  same  way  that  column  17  was  computed 
from  column  16.     Column  24  will  contain  the  values  of 


After  column  20  is  computed,  the  value  of  "  .    is  de 
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Table  3. — Computations  Jot  -^  S  (z  — A:)/if  ^~^^  )  Table  4. — CompuUd ions  for  B,  C,  F,  and  G 
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645.  62 

.975 

.920 

— 

2, 655. 90 

9 

17 

558.  79 

— 

3.606714  - 

118. 5527 

+ 

1765.  6886 

12,581.21 

+ 

982.  99 

4- 

1,113.67 

.987 

.948 

— 

2,015.40 

10 

19 

651. 89 

— 

1.606714  1- 

55. 1246 

+ 

1810. 8150 

10,  825.  52 

+ 

1,446.64 

4- 

1,501.46 

.996 

.976 

— 

1,047.40 

11 

21 

765.  66 

+ 

0.393286  '  + 

14.  3392 

+ 

1796.  4758 

9,  014.  70 

+ 

1,  852.  24 

4- 

1,756.98 

.999 

.999 

4- 

301. 12 

12 

23 

^38. 58 

+ 

2.393286  '  + 

87.  2592 

+ 

1709.  2166 

7,  218.  23 

14- 

2, 095.  73 

4- 

1,822.38 

1.000 

1.000 

4- 

2,  006.  96 

13 

25 

914.00 

+ 

4.393286  ;  + 

160.  6185 

+ 

1548.  5981 

5,  509.  01 

+ 

2,  238.  52 

4- 

1,  786.  34 

.998 

.998 

4- 

4,015.46 

14 

27 

937.  17 

+ 

6.393286  + 

221.9110 

+ 

1326.  6871 

3,960.41 

14- 

1,986.00 

4- 

1,443.16 

.990 

.970 

4- 

5,991.60 

15 

29 

915.82 

+ 

8,393286  |  + 

265.  0600 

4- 

1061.  6271 

2,  633.  72 

14- 

1,  372.  95 

4- 

899.  52 

975 

.920 

4- 

7.  686.  74 

16 

31 

896.  21 

+ 

10.393286  1  + 

300.  4699 

+ 

761.1572 

1.572.10 

k 

492. 15 

+ 

286.  66 

.948 

.862 

4- 

9  314  57 

)7 

33 

771.21 

+ 

12  393286 

4- 

289  6311 

— 

471  5261 

810.  94 

694  75 

349.  4S 

.903 

.752 

4- 

9  557.  83 

18 

35 

567.  71) 

+ 

i4. 393286 

+ 

233  4591 

+ 

238.  0670 

339  41 

! - 

1,646  82 

- 

686  98 

.K12 

580 

1- 

8  171.07 

19 

37 

308. 58 

+ 

i 6.  393286 

-r 

136. 7200 

;- 

101.3470 

101  35 

— 

1,774  60 

~- 

563.  55 

,718 

.390 

-h 

5,  058.  64 

20 

39 

214. 89 

+ 

18. 393286 

+ 

101.3470 

0.  0000 

0.00 

— 

2, 127.  59 

— 

414.61 

.605 

.268 

4- 

3,  952.  53 

0' 

40 

- 
1 

~ 

.558 

Xzl 

i=9956.34  1 

2=0.  COCO 

2= 

4-4, 695.  93 

+ 

5,310.19 

2=14. 775 

4- 

38, 618. 12 

^2A 


=20.606,714 


F=  2"  2  zA (2-^)  =  10,309.06 
B=^2za(2/-^)=.jSCo1.  25  =  2,347.965         G= -^  s  2a(?/-  2^^)  =  1,341.6943 


G 


=  .875797 


^=(),()()0,()52,75 


they  are  independent  of  the  loading.  The  values  in 
column  25  are  computed  by  multiplying  each  term  in 
column  15  by  the  corresponding  value  of  z  in  column  19. 
B  is  equal  to  one-half  the  sum  of  column  25  and  G  is 

equal  to  j-  times  the  sum  of  column  25.     Their  values 

should  be  set  down  in  the  places  provided  on  the  sheet 
containing  Tables  3  and  4. 

Column  26  is  computed  by  multiplying  each  term  m 
column  15  by  the  corresponding  value  of  y  in  column 
12.     Cos  <^  (see  fig.  3,  Pt.  I)  in  column  27  might  be 

computed  from  the  formula  cos  9^  =  ^^'   but  since  cos  <t> 

varies  so  little  for  small  angles  more  accurate  results 
will  be  obtained  by  computing  sin  <^  from  dimensions 
scaled  from  the  drawing  and  then  taking  the  corre- 
sponding values  of  cos  (f>  from  a  table  of  trigonometric 
functions.  This  may  be  done  on  a  supplementary 
sheet  of  paper.  It  is  not  necessary  to  find  the  values 
of  4>  as  only  cos  4>  is  wanted  now,  but  the  values  of  sm 
<t>  should  be  kept  because  some  of  them  will  be  wanted 
later. 

Column  28  is  computed  by  dividing  each  term  m 
column  27  by  yl,  the  area  of  the  arch  ring  section,  which 
for  practical  purposes  may  be  taken  as  equal  to  Ti  (col- 
umn 2). 

I 

C  is  equal  to  the  sum  of  column  28  plus  ^  times  the 

sum  of  column  26.     Its  value  should  be  set  down  in 
the  space  provided  below  Table  4. 


^=2,056.34 

F-^=  17,2.52.72 
1 


BG=  0.000,057,961,9 
^~   C 

Column  29  is  computed  by  multiplying  each  term  of 
column  22  by  the  corresponding  value  of  z  in  column  19. 
F  is  equal  to  one-half  the  sum  of  column  29  and  its 
value  should  be  set  down  in  the  space  provided  below 
Table  4.  Values  of  other  expressions  below  Table  4 
are  found  as  indicated  and  require  no  particular  ex- 
planation. 

Tabled.  Computations  for  F,. —  V„  is  computed  from 
the  formula 


V„- 


{z- 


■1c)  a(^^ 


2A  . 


G  1 

C_2 
G 


s  (2- 


■^)a(: 


^-1^) 


Column  31  is  copied  from  column  24.     Column  32 
is  computed  by  multiplying  each  term  in  column  17  by 

-^-     Column  33  is  computed  by  subtractmg  each  term 

in  column  32  from  the  corresponding  term  in  column  31 
and  the  numerical  work  may  be  checked  by  subtract- 
ing the  sum  of  column  32  from  the  sum  of  column  31 . 
Column   34   is   computed   by   dividing   each   term   in 

column  33  by  (f-B^\     Column   34   now   contains 

the  values  of  F„  for  a  load  of  unity  placed  successively 
at  each  load  point.  The  top  figure  m  column  34,  that 
is  the  value  of  F„  for  a  unit  load  at  point  1,  should 
equal  unity,  but  allowance  should  be  made  for  the 
inaccuracy  due  to  dropping  of  decimals. 
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'r.\HLE  5. — Com piitdtions  for  ¥„ 


Table   6. — Compu- 
tations for  Ho 


Table  7. — Computations  for  M,, 


30 

a 
'5 

31 
^  a 

32 

^'x( '01.17 

33 

34 

35 

36 

37 
'"ol.  36 

38 

39 

40 

41 

42 

43 

44 

Col.  31- 
Col.  32 

Col.  33 

-1? 

Col.  35- 
Col.  17 

A 

1  i 

2  " 
(2 -J:}  A 

2A^ 
Col.  40 

Sl/A^ 
2A 

"2    2A 

Jl/",.= 
Col.  41  + 
Col.  42- 
Col.43    s 

(-.' 

0 

1 

19,309.0,5 

+2,  0,56.  34 

17,252.71 

1.  0000 

2,  347.  96 

0.00 

0.000 

,5.23 

477.  93 

4,  736.  59 

34,  312 

0.000 

36.  062 

— 

1.750 

? 

19,20(i.  ■'"il 

+  1,987.86 

17,218.65 

.9980 

2,  343.  27 

73.50 

.048 

7.99 

469.  94 

4,  258.  66 

30.  850 

.840 

35.  990 

— 

4.300 

3 

18,963.29 

+  1,846.60 

17,116.69 

.9921 

2,  329.  42 

220.  94 

.144 

12,02 

457.  92 

3,  788.  72 

27.  445 

2.  .520 

35.  777 

— 

5.812 

4 

I8..')32.  48 

+  1,632.16 

16,900.32 

.9796 

2,  300.  07 

436.  44 

.385 

17.90 

440.  02 

3,  330.  80 

24. 128 

4.988 

35.  326 

— 

6.210 

ft 

17,8,58.10 

+  1.34K.  11 

16,509.99 

.9569 

2,  246.  77 

707.  48 

.462 

23.  67 

416.  35 

2,  880.  78 

20.  941 

8  085 

34.  507 

— 

5.  481 

A 

lfi,909.00 

+  1,013.45 

15,895.55 

.  9213 

2,163.  18 

1,000.00 

.  657 

29.  30 

387.  05 

2,  474.  43 

17.  925 

11.498 

33.  224 

— 

3.801 

7 

1,5,  078.  42 

+     65,5.17 

1.5,023.25 

.8708 

2,  044.  61 

1,296.  .52 

.846 

30.  17 

356.  88 

2,  087.  38 

15.  121 

14.  806 

31.  403 

1.476 

8 

14,218.34 

+     301.62 

13,916.72 

.8066 

1,893.87 

1,549.47 

1.011 

31.  58 

325.  ,■'0 

1,730.  .'0 

12.536 

17.693 

29  Ot7 

+ 

1.142 

9 

12,  .581.21 

-       21.  ,53 

12,602.74 

.  7305 

1,71.5.19 

1,  739.  77 

1. 136 

32.87 

292.  43 

1,40.5.20 

10. 179 

19.  881 

26.  343 

+ 

.3.717 

10 

10,  82.5.  ,52 

-     294  03 

11,119.55 

.  6445 

1,513.26 

1,848.99 

1.207 

34.  31 

258.  12 

1,112.77 

8.081 

21.  124 

23.  242 

+ 

5.943 

11 

9,014.70 

-     499. 8.5 

9,  514.  55 

.5515 

1,294.90 

1,  865.  64 

1.218 

36.  46 

22L  66 

854.  65 

6.191 

21.316 

19.  888 

-)- 

7.619 

1?. 

7.218.23 

-     628. 44 

7,  846.  67 

.4548 

1,067.85 

1,  785.  41 

1.  165 

36.46 

185.20 

632.  99 

4.  585 

20.  .388 

16.401 

+ 

8.  572 

13 

,5,  .';09.  01 

-     677.21 

6,186.22 

.3586 

841.  98 

1,61,5.23 

1.054 

36.  56 

148.  64 

447.  79 

3.244 

18.  446 

12.  932 

+ 

8.758 

14 

3,9i0.  41 

-     647.  ,56 

4,  607.  97 

.2671 

627.  14 

1,360.54 

.892 

34.  71 

113.93 

299.  15 

2.167 

15.611 

9.632 

+ 

8.146 

1ft 

2,  fi33.  72 

-     .5,53.50 

3,  187.  22 

.1847 

433.  67 

1,065.67 

.  696 

31.58 

82.  35 

185.22 

1.342 

12.181 

6.  661 

+ 

6.  862 

in 

1,,572.  10 

-     417. 9S 

1,990.08 

.11,53  i 

2/0.  72 

747.  98 

.488 

28.91 

53.  44 

102.87 

.745 

8.540 

4.  1,58 

-t- 

5.  127 

17 

810.94    -     2(i8.  .5.5 

1,079.49 

.  0626  1 

146.  98 

453.  62 

.296 

23.37 

30.  07 

49.  43 

.358 

5.180 

2.  257 

+ 

3.  281 

IR 

339.41     -     137.  .5fi 

476.  97 

.0276 

64.80 

221.87 

.145 

16.22 

13.  85 

19.36 

.140 

2.538 

.995 

+ 

1.683 

19 

101.3,5 

-       47. 77 

149.  12 

.  0086 

20.19 

74.74 

.049 

8.34 

,5.  ,51 

.5.51 

.040 

.8,57 

.310 

+ 

..587 

20 
0' 

0.00 

0.00 

0.00 

.00 

0.00 

0.00 

.00 

5.51 

o.ou 

0.00 

0.000 

0.000 

0.000 

0.000 

19.5,241.79 

6,  647.  33 

188.  ,594.46 

10.  DUll 

25,  665.  83 

18,07,5,81 

11.799 

30,412.80 

220. 310 

206.  492 

394.  195 

+  32.  607 

1 ' 


Vv  = 


2a  V  ^■'^     ' 


Zz\\     G-U' 


i^A2 «  SA         °  2  i;A 


BG 


Ho=- 


••^-«K'->(-l?) 


dx 

2^  =  0.007244 


dx  XzA 
2     2A  ' 


=36.06175 


Table    (>.   ('nnipiifatio/is    for    H„. — //„    is    oomputcd 
from  the  foiiniila, 


H.- 


'■■"-^^-'-'Ki'-l') 


V oh  is  computed  by  multiplying  each  term  in  column 
34  by  the  value  of  B  and  entered  in  column  35.     The 

term      2  (2-^-)  A(  ?/-*^  j  has  already  been  recorded 

in  column  17,  so  the  numerator  of  the  equation  for  H„ 
is  computed  by  subtracting  each  term  of  column  17 
from  the  corresponding  term  of  column  35.  The  nu- 
merical work  is  checked  by  subtracting  the  sum  of 
column  17  from  the  sum  of  column  35.  Hg  is  then 
computed  by  dividing  each  term  in  column  36  by  C. 
The  top  figure  of  column  35  should  be  equal  to  the 
top  figure  of  column  17  and  the  top  figure  of  column 
36,  should  be  zero. 

TaUe  7. — Computations  jor    Mg. —  Mo  is   computed 
from  the  formula, 


,,  _dx   1  ' 


l)^ 


"   2A  "   2    2A 


I'or  convenience  the  values  of  A  are  copied  in  column 
38  from  column  1 1 .  CoUimns  39  and  40  are  computed 
by  summing  up  cohimn  3S  in  the  same  way  as  previ- 
ously explained  for  o(h(>r  similar  columns.  Columns 
41,  42  and  43  are  coni|)n(ed  as  indicated  by  the  head- 
ings and  no  further  c.xiihiiiation  is  necessary.  M„  is 
compuled  in  column  44  by  adding  the  corresponding 
members  of  columns  41   and  42   and  subtracting  the 


(•()rr('s|)oii(imi 
load  at.  point 


iiicinbcr  of  column  43.      M , 


lor  a  uni 


IS 


dx 


aluays  numerically  equal  to  "^  and 


the  niiiiici-ical  work  in  computing  column  44  may  be 
checked  from  the  totals  of  columns  41,  42  and  43. 

Tables  8,  9,  and,  U).  Computations  for  moments  at 
points  2,11  and  0' . — Having  determined  the  values  of 
H„,  Vo,  and  Mg,  other  points  must  now  be  selected  for 
detailed  examination  as  to  stress  conditions.  In  this 
case  points  2  and  11  have  been  selected  and  point  0' 
should  always  be  included.  Values  of  Hg,  F<,  and  Mo 
are  copied  in  columns  46,  47  and  48. 

The  bending  moment  at  any  point  is  computed  from 
the  formula 

For  any  particular  ])oint,  z  and  y  are  constant  and  k 
depends  on  the  position  of  the  load.  For  point  2, 
z  is  equal  to  3  and  the  value  of  y  is  taken  from  column 
12  of  Table  2. 

Column  49  is  computed  by  multiplying  the  values  of 
Va  in  column  47  by  z.  This  is  done  only"  for  the  points 
to  the  left  of  the  one  for  which  the  moment  is  being 

computed  because  the  formula  m:c  =  [VoZ-  {z-Tc)]  ^  is 

used  only  where  z  is  greater  than  Ic.     For  the  points 

to  the  right,  m,  is  found  by  the  formula  m^=  F„2   '^- 

Column  50  is  computed  by  subtracting  {z-k)  from 
the  values  of  V^z  in  column  49.  For  a  unit  load  at 
point  1,  V„z~  (z  —  k)  will  be  imity  in  all  cases  so  its 
value  is  permanently  printed  in  the  tables.  In  column 
51,  i/2  is  computed  for  points  1  and  2  by  multiplying 
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Table  8. — Computations  for  Mi 


Table  9. — Computation.^  for  M,,      Table  10. — Computations  for  M„' 


45 

46 

47 

48 

49 

50 

51 

52            53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

Point,  2,  ?=3;  !/  =  7.10 

Point  11 

2  =  21;  !/  = 

=  19.92 

Point  0',  2  =  40;  .(/  = 

5.00 

tft 

H, 

Vo 

Mo 

1 

a 
o 

Oh 

Kz 

K.z- 
(z-k) 

rti    j    H„i/ 

Mi 

VoZ 

VoZ- 

(z-fc) 

mn 

//,!/ 

Mu 

40V'„ 

40  v.-     1 
(40- 1) 

™. 

Hoy 

Mo' 

0 
1 

0.000 

0.000 

21.  0000 

0.000 

0.000 

40. 0000 

0.030 

1.  0000 

-  1.750 

3.  0000 

1.  0000 

1.750 

1.  0000 

1.  7.50 

+  1.0000 

+     1. 750 

0.000 

0.000 

2 

.048 

.  9980 

-  4.  .300 

2.  9940 

2.  9940 

5.  240 

.341 

+  .599 

20.  9580 

2.  9580 

5.176 

.9.56 

-  .080 

39.  9200 

+  2.9200 

+     5.  110 

.240 

+ 

.570 

3 

.  144 

.9921 

-  .5.812 

5.209 

1.022 

-1.625 

20.  8341 

4.  8341 

8.460 

2.868 

-  .220 

39.  6840 

+  4.  6840 

+    8.197 

.720 

+ 

1.665 

4 

.285 

.  9796 

-  6.210 

5.  143 

2.024 

-3.  091 

20.  5716 

6.  5716 

11.500 

.5.  677 

-  .387 

39.  1840 

+  6.  1840 

+  10.822 

I.  425 

+ 

3.  187 

5 

.4S2 

.9569 

-  5.  481 

5.  024 

3.280 

-3.737 

20.  0949 

8.  0949 

14.166 

9.  203 

-  .518 

3S.  2760 

+  7.2760 

+  12.733 

2.310 

+ 

4.  942 

6 

.657 

.9213 

-  3.801 

4.837 

4.  665 

-3.  629 

19.  3473 

9.  3473 

16.  358 

13.  087 

-  ..530 

36.  H520 

+  7.8520 

+  13.741 

3.  285 

+ 

6.6,55  I 

7 

.84'i 

.8708 

-  1.476 

4.572 

6.  007 

-2.911 

18.  2868 

10.  2868 

18.  002 

16.  852 

-  .326 

34.  8320 

+  7.  8320 

+  13.706 

4.230 

+ 

8.  000 

8 

1.011 

.  S0f)6 

+  1.  142 

4.235 

7.178 

-1.801 

16.  9386 

10.  9386 

19.  143 

20.  139 

+  .  146 

32.  2640 

+  7.2640 

+  12.712 

5.  0.55 

+ 

8.799 

9 

1.  136 

.7305 

+  3.717 

3.835 

8.0G6 

-  .514 

15.  3405 

11.3405 

19.  846 

22.  629 

+  .934 

29.  2200 

+  6.  2200 

+  10.885 

5.  680 

+ 

8.922  ! 

10 

1.207 

.  6445 

+  5.943 

3.  384 

8.570 

+  .757 

13.  5345 

11.5.345 

20.  185 

24.  043 

+2.  085 

25.  7800 

+  4.  7800 

+     8.365 

6.  035 

+ 

8.273 

11 

1.218 

.  5515 

+  7.619 

2.895 

8.  648 

+  1.  866 

20.  268 

24.  263 

+3.  624 

22.  0600 

+  3.  0600 

+     5. 355 

6.090 

+ 

6.884 

12 

1.165 

.4548 

+  8.  572 

2.388 

8.271 

+2.  689 

16.714 

23.  207 

+2.  079 

18.  1920 

+  1.  1920 

+     2.086 

5.  825 

+ 

4.833 

13 

1.054 

.3586 

+  8.  758 

1.883 

7.483 

+3.  158 

13,  179 

20.  996 

1-  .941 

14.  3440 

-     .  6560 

-     1.  148 

5.270 

+ 

2.340 

14 

.892 

.2671 

+  8. 146 

1.402 

6.  333 

+3.215 

9.816 

17.  769 

+  .  193 

10.  6840 

-  2.3160 

-     4. 053 

4.  460 

.367 

15 

.696 

.1847 

+  6.^862 

.970 

4.942 

+2.  890 

6.788 

13.  864 

-  .214 

7.  3880 

-  3.6120 

-     6. 321 

3.480 

— 

2.939 

16 

.488 

.1153 

+  5. 127 

.605 

3.465 

+2.  267 

4.237 

9.721 

-  .357 

4.6120 

-  4.3880 

-     7. 679 

2.440 

— 

4.992 

17 

.293 

.0626 

+  3.  281 

.329 

2.  102 

+1.  508 

2.  301 

5.896 

-  .314 

2.  5040 

-  4.4960 

-     7. 868 

1.480 

— 

6.067 

18 

.145 

.0276 

+  1.683 

.145 

1.  030 

+  .798 

1.014 

2.888 

-  .191 

1.  1040 

-  3.8960 

-     6.818 

.725 

— 

5.860 

19 

.049 

.  0086 

+     .587 

.045 

.348 

+  .284 

.316 

.976 

-  .073 

.  3440 

-  2.6.560 

-     4. 648 

.245 

— 

4.306 

20 
0' 

0.000 

0.  0000 

0.000 

C.OOO 

0  0000 

0.000 

0.000 

0.000 

+2.  723 

0.000 

0.  0000 

0.00 

0.000 

0.000 

0.  0000 

-  1.0000 

-     1. 750 

0.000 

- 

1.750 

.3.  891 

83.  775 



11.799 

10. 9311 

+32.  607 

209.  219 

235.  034 

+6.  792 

1                  1 

+  65.  177 

58.  995 

+  38.  789 

M=M„+m^~H„y 
z>k- 
■(2-A-). 


^  r  "         '    z>k~\  dx 
'     lv,z-{z-k)j  2 


dx 


For  check : 

S  Col.  48  +  r  Col.  .51-2  ('ol.  .52-2  Col.  .53. 
2  Col.  48+2  Col.  .56-2  Col.  .57  =  2  Col.  .58. 
2  Col.  48  +  2  Col.  61-2  Col.  62-2  Col.  6.3. 

Ciilcidntion  of  dead  load 


Point 

h  ids) 

150  hids) 

h/ 

110  dxhf 

Dead 
load 

1                  _ 

14.05 
10.20 
7.45 
5.  .50 
4.72 
4.13 
3.  95 
.■J>82 
.3.70 
3.  .57 
3.  .50 
3.  .50 
.3.  51 
3.61 
.3.82 
4.07 
4.66 
.5.95 
9.00 
13.  .35 

2, 105 

1,  .530 

1,115 

825 

708 

620 

.592 

573 

5,55 

,535 

,525 

525 

527 

,541 

573 

610 

700 

893 

1,350 

2,003 

17.  1 
13.  3 
10.1 
7.7 
,5.9 
4.5 
3.4 
2.5 
1.8 
1.3 
1.0 
1.0 
1.0 
1.4 
2.0 
2.9 
4.3 
6.1 
8.5 
12.1 

6,600 

.5,  130 

3,900 

2,  960 

2,270 

1,730 

1,310 

960 

690 

500 

385 

385 

385 

540 

770 

1,120 

1,  660 

2,  350 
3,270 
4,  650 

8,700 

2             - 

6,  660 

3                                               -   - 

.5,015 

4                    -. 

3,  785 

5 

2,978 

6 

2,  3,50 
1,902 

8             .    .   

1,  .533 

9                                    

1,245 

10                  

1,0.35 

11                                                   .     - 

910 

12                            -   -- 

910 

13                  

912 

14         -- 

1,081 

15                                --- 

1,343 

16              

1,730 

17                                    _, 

2,  360 

18 

19            .   

3,  243 
4,620 

20     

6,653 

the  figure  in  column  50  by  ■''■     For  the    other    points 

m2  is  computed  by  multiplying;  the  value  of  Vo  in  column 

.T  i_       dx 
47  by  2  2- 

HoV  is  computed  by  multiplying  the  values  of  //„  in 

cokmm   46    by   the  value  of    ;/    for  the   point  under 

consideration,      i/o    in    column    53    is    computed    by 

adding   the  corresponding  terms  in  columns  48   and 

51  and  subtracting  the  corresponding  term  in  column 

52.     The  numerical  work  may   be  checked  from   the 

totals  of  those  columns.      Mr  for  a  load  at  point  1  will 

be  zero  in  all  cases  because,  for  a  unit  load  at  point  1, 

dx  .  dx 

Mo  is  equal—  ^  and  mj  is  equal  to  +  -^  and  //„  is  equal 

to  zero. 

Tables  9  and  10  are  compiled  in  exactly  the  same 
manner  as  Table  8.     Since  Mu'  should  always  be  com-  . 

puted  the  numerical  value  of  z  is  used  in  the  column         Table  12.   Computatioti^  for  maximum  stresses. —This 

headings.  table  is  the  same  as  Table  9   (pt.  1)  for  symmetrical 

Table   11.    Computations  for  thrust,  shears,  and  mo-  arches  and  is  filled  out  in  the  same  way  except  for  the 

merits  due  to  dead  load.— This  table  is  filled  out  in  the  differences  in  the  formulas  due  to  the  lack  of  sym- 

same  manner  as  Table  8  of  part  1.     The  values  of  H„,  metry.     Column  78  is  filled  out  as  explained  for  column 

F«,if«,i/2,  i/n,  and  J/„' are  copied  from  columns  37,  34,  75   of   the   symmetrical   arch   forms.     The   dead   load 

44,  53,  58,  and  63  in  columns  65  to  70.     The  weight  of  moments,  thrusts,  and  shears  are  found  in   lable  11, 

the  dead  load  applied  at  each  point  is  computed  as  and  copied   in   the  proper  places  in  columns  80,   81, 

shown  below  and  tabulated  in  column  71.     The  weight  and  82.  ,         ,  ir  j 

of  the  concrete  is  assumed  to  be  150  pounds  per  cubic        The  live  load  has  been  assumed  as  125  pounds  per 

foot  and  the  fill  above  the  arch  ring  110  pounds  per  square  foot  which  gives  125  (Zx  =  437.5  pounds  per  load 

cubic  foot.     The  dead  load  applied  at  each  point  is  point.     As  in  the  case  of  the  symmetrical  arch  we  wish 

therefore  equal  to  150  hds  +  110  hfdx,  in  which  h   is  the  to  find  the  maximum  stress  at  each  point  and  the  stress 

depth  of  the  fill  above  the  arch  ring  at  each  point  and  is  a  function  of  the  moment,  thrust  and  shear  and  as 

mav  be  scaled  from  the  drawing.     Values  of  //.  and  ds  has  been  pointed  out  it  is  not  necessarily  niaximum  at 

are^  found  in  columns   2   and   10   of  Table   1.     After  the  same  time  that  the  moment  is,  but  it  is  so  nearly 

column  71  is  filled  out  the  table  is  completed  by  multi-  so  that  this  is  assumed  to  be  the  case      The  maximum 

plying  the  coefficients  for  a  load  of  unity  in  the  pre-  positive   hve   load   moment   at   point  0    is   found    by 

ceding  columns  by  the  actual  dead  load  in  order  to  get  multiplying  the  sum  of  all  of  the  positive  quantities  in 

the  values  in  the  remaining  columns  of  the  table.  column   67   by   43^.5.      The   horizontal    thrust   which 
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Table  11. — Computations  for  F„,  F„,  and  M  due  to  dead  load 


64 
Points 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

1 

Unit  load 

D.  L. 

Dead  load                                               1 

i 

Ho 

0 

1.  0000 

M, 

M2 

Mu 

Mo' 

H, 

Vo         j 

Mo 

Ml 

— 

Mu 
0 

Mo' 

1 

1 

1.750 

Q 

0 

0 

8,  700 

0 

8.700    - 

15,225 

0 

0 

2 

.048 

.  9980 

4.300 

+ 

.599 

_ 

.080 

-1- 

.570 

6,660 

320 

6,647    - 

28,  638 

+     3,989 

— 

533 

4- 

3,796 

3 

144 

.9921 

5.812 

1.625 

_ 

.220 

+ 

1.  665 

5,015 

722 

4,975  I- 

29, 147 

-     8,149 

— 

1,103 

+ 

8,  350 

4 

285 

.  9796 

_ 

6.210 

_ 

3.091 

_ 

.387 

+ 

3.187 

3,785 

1,079 

3,708    - 

23,  505 

-  11,699 

— 

1,465 

+ 

12,  063 

r, 

462 

.  9569 

„ 

5.481 

_ 

3.737 

_ 

.518 

+ 

4.942 

2,980 

1,377 

2,852    - 

16,  333 

-  11,136 

— 

1,544    + 

14,  727 

6 

.657 

.9213 

_ 

3.801 

_ 

3.629 

_ 

530 

+ 

6.  655 

2,350 

1.544 

2,165  1- 

8,932 

-     8,528 

— 

1,246 

4 

15,  639 

7 

846 

.8708 

_ 

1.476 

_ 

2.911 

_ 

.326 

+ 

8.000 

1,900 

1,607 

1,655  1- 

2,804 

-     5, 531 

— 

619 

+ 

15,  200 

8 

1.011 

.  8066 

+ 

1.142 

_ 

1.801 

+ 

.  146 

+ 

8.799 

1,  530 

1,547 

1,234  i  + 

1,747 

-     2, 756 

+ 

223 

4 

13,  462 

9 

1  136 

.  7305 

+ 

3.717 

_ 

.514 

+ 

.934 

+ 

8.922 

1,245 

1,414 

909  !  + 

4,628 

640 

+ 

1,163 

4 

11, 108 

10 

1.207 

.8445 

+ 

5.943 

+ 

.757 

+ 

2.085 

+ 

8.273 

1,035 

1,249 

667    + 

6,151 

+         783 

+ 

2,158 

4-       8, 563     1 

11 

1.218 

.  5515 

+ 

7.619 

+ 

1.866 

+ 

3.624 

+ 

6.884 

910 

1,108 

502  ,+ 

6,933 

+     1, 698 

+ 

3,298 

4-       6, 264     1 

12 

1. 165 

.4548 

+ 

8.572 

+ 

2.689 

+ 

2.079 

+ 

4.833 

910 

1,060 

414  .+ 

7,800 

+     2,447 

+ 

1,892 

4-       4, 398 

13 

1.054 

.3586 

+ 

8.758 

+ 

3.158 

+ 

.941 

+ 

2.340 

915 

964 

328  .+ 

8,014 

+     2.890 

+ 

861 

4-       2,  141 

14 

.892 

.2671 

+ 

8.146 

+ 

3.215 

+ 

.193 

__ 

.367 

1,080 

963 

288    + 

8,798 

+     3,472 

+ 

208 

390 

16 

.  690 

.1847 

+ 

6.862 

+ 

2.890 

.214 

_ 

2.939 

1,  345 

936 

248    + 

9,229 

+     3.887 

— 

288 

-       3, 953 

16 

.488 

.1153 

+ 

5.127 

+ 

2.267 

_ 

.357 

_ 

4.992 

1,730 

844 

199    + 

8,870 

+     3, 922 

— 

618 

-     ■  8, 636 

17 

.296 

.0626 

+ 

3.281 

+ 

1.508 

_ 

.314 

_ 

6.067 

2,360 

699 

148  ;+ 

7,743 

+     3,559 

— 

741 

-     14,318 

18 

.145 

.  0276 

+ 

1.683 

+ 

.798 

_ 

.191 

— 

5.860 

3,245 

471 

90    + 

5,461 

+     2,590 

— 

620 

-     19, 016 

19 

.049 

.  0086 

+ 

.587 

+ 

.284 

_ 

.073 

4.306 

4,620 

226 

40    -H 

2.712 

+     1,312 

— 

337 

- 

-     19, 894 

20 

0 

0 

0 

+ 

0 

0 

1.750 

6,650 

0 

0 

0 

0 

0 

-     11. 638 

11.799 

10.9311 

+ 

61.  437 

20  031 

+ 

10-  002 

+  65.  070 

58,  965 

.  18,  1.30 

35,769  i+ 

78,  086 

+  30,  549 

+ 

9,803    +  115,711     1 

28.  83.0 

17.  308 

3.  210 

^ 

26.  281 

^^ 

24,  584 

—  48,  439 

— 

9,114    - 

-     77, 851 

1 

46,  498 

-  17.890 

+ 

689    +     .37,860 

Table  12. — Computations  for  unit  stresses 


78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 
Extrados 

89 

90 

91 

92 

93 

H 

M 

V 

H 

cos  0 

rsin  0 

N 

4 

.4 

Intrados 

Maximum  stresses 

E.xtrados 

Intrados 

:i  +  ^2"7 

A-^hi 

+  18,130 

4- 

— 

4- 

~ 

D.  L. 

-  46,498 

4-  35,  769 

+ 

9,953 

4-  29, 903 

+  39,8.56 

+     106    -         280 

174 

+        386 

_ 

174 

-     174 

4- 

386 

4-  386 

Point  0 

4-C.  L.  L. 

+ 

+ 

sin    .#)=0.836. 

4-U.  L.  L. 

--    4,094 

+  26, 879 

4- 

1,843   -- 

2,  248 

4- 

1,541 

-  ■     3,  789 

--       10  ]+         162 

+        172 

1.52 

-1- 

172 

-  1.52 

oos    1)4=0.549. 

-C.L.  L. 

— 

-  -     ■ 

._ 

1 

Area=377. 

-U.  L.  L. 

--     1,068   —  12,613    4- 

2,940   + 

586 

4- 

2,  458 

--     .3,044 

--        K  !-          76 

68 

4-           84 

:-    68 

4- 

84 

h 

4-T. 

761   1+  11,335  i4- 

55    + 

418 

4- 

46 

464 

1  ;+       68 

4-           69 

-           67 

+ 

69 

-     67 

^=0.00603. 

-T. 

—     1,014  1—  1.5,113  1- 

73    — 

5.57 

~ 

61 

—        618 

—        2  1—          91 

93 

4-          89 

-      93 

4- 

89 

Totrtl  e.xduding  temperature  stresses 

-     242 

D.L. 

12,  075 

4- 

Total 

+ 

67 

-     335 

4- 

559 

4-  167 

+  18,130 

-  17,890 

+ 

27,  069 

-)- 

20,193    --  .32,268  1+     110 

180 

70 

4-        290 

— 

70 

-       70 

4- 

290 

4-  290 

Point  2 

4-C.  L.  L. 

-■ 

+ 

sin    <^=0.746. 

4-U.  L.  L. 

--    3,175 

--    8,764 

4- 

1,607 

2,115 

4- 

1,199    --     3,314    --       11 

+          88 

4-          99 

-           77 

+ 

99 

—     / 1 

COS    0=0.666. 

-C.  L.  L. 

— 

-  - 

Area=293. 

-U.  L.  L. 

--     1,987 

—    7,572 

4- 

2,738 

1,323 

4- 

2,043    --     3,366   --       12 

—          76 

64 

4-         88 

-       64 

4- 

88 

A 

4-T. 

761 

4-     6,221 

4- 

55 

-- 

507 

4- 

41    --        548    --        2 

4-          62 

4-          64 

-          60 

+ 

64 

-    60 

2^-0.01005. 

-T. 

—     1,014 

-     8.297 

— 

73 

675 

" 

54  1—         729    —        3 

83 

86 

4-          80 

-       86 

4- 

80 

Total  excluding  temperature  stresses 

-     134 

D.L. 

669  ,+  18,112 

4- 

Total 

+ 

93 

-     220 

4- 

458 

4-  1.53 

--  18,1.30  ;  4-        689 

4- 

26   --  18,138  i+     113 

4-          25 

4-        138 

4-         88 

+ 

138 

4-138 

+ 

88 

4-     88 

Point  11 

4-C.  L.  L. 

+ 

-- 

+ 

sin    0=0.046. 

4-U.  L.  L. 

--    3,361    +     4,376 

4- 

356    -- 

3,358 

-1- 

16  :--     3,374 

--       21 

+         1.58 

4-        179 

-        137    4- 

179 

-  137 

cos    0=0.999. 

-C.L.  L. 

4-               — 

1-  - 



1 

Area  =  161. 

-U.  L.  L. 

+     1.801    —     1,404 

+ 

51   i-- 

1,799 

4- 

2  ,--     1,801 

--       11 

—          51 

40 

4-          62 

-       40 

+ 

62 

h 

4-T. 

4-        761    -     1,803 

4- 

55  '-- 

760 

4- 

3    --        763 

5 

65 

60 

+         70 

-       60 

+ 

70 

-T. 

—     1,014    4-     2,403 

— 

73  1— 

1,013 

~ 

3  I—     1,016 

—        6 

+          87 

4-         81 

93 

+ 

81 

-     93 

Total  excluding  temperature  stresses 

-     49 

D.L. 

10,117 

4- 

Total 

+ 
+ 

398 

4-      38 

+ 

220 

-  142 

--  18,130 

4-  37,860 

— 

23, 196 

+ 

19, 253    -  -  29,  370 

+      78 

4-        228 

4-        306 

150 

306 

4-    306 

— 

150 

-  150 

Point  0' 

4-C.  L.  L. 

+ 

+ 

-  -  ^ 

+ 

sin    0-0.830. 

4-U.  L.  L. 

--    4,039 

+  28, 468 

— 

1,197 

+ 

2,254 

4- 

994    --     3,248 

9 

+        172 

4-       181 

163  ,4- 

181 

-  163 

cos   0=0.558. 

-C.L.  L. 

— 

+ 

Area=377. 

-U.  L.  L. 

-•     1,123 

-  11,  498 

— 

2,771 

+ 

627 

4- 

2,  300  !-  ■     2,  927  j-  -        8 

—          69 

61 

4-          77 

-      61 

4- 

77 

h 

4-T. 

761 

4-  11,  380 

4- 

55 

+ 

425 

46  ;--        379  ,- -         1 

4-          69 

4-          70 

-68 

+ 

70 

-    68 

-T. 

—     1,014 

-  15,153 

- 

73 

566 

+ 

61  !—        505    —         1 

91 

92 

4-90 

-       92 

4- 

90 

Total  excluding  temperature  stresses 

— 

73 

-  313 

Total 

+ 

557 

4-     153 

4- 

17 

-  381 

N  =  H  COS  (j>  +  V  .sin  (j) 


,.     N  h 
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occurs  at  the  same  time  as  -this  maximum  moment  is 
found  by  adding  up  the  quantities  in  cokmm  65  for  the 
points  which  give  a  positive  moment  and  multiplying 
the  sum  by  437.5  The  vertical  shear  which  occurs  at 
the  same  time  as  the  maximum  moment  is  found  in  the 
same  way.  The  maximum  negative  moment  and  the 
thrust  and  shear  which  occur  at  the  same  time  are 
found  by  placing  loads  at  all  of  the  points  which  give 
negative  moments.  These  values  are  recorded  in  the 
proper  places  in  Table  12. 

The  live-load  moments  and  thrusts  at  the  other 
points  are  found  in  the  same  way.  In  determining 
the  shear  for  the  other  points  it  should  be  remembered 
that  Vo  in  column  66  is  the  coefficient  for  the  left  re- 
action which  is  equal  to  the  coefficient  for  the  vertical 
shear  at  point  0,  but  not  at  other  points  if  there  are 
loads  between  the  point  where  the  shear  is  desired  and 
the  left  reaction.  "If  there  are  any  loads  to  the  left  of 
the  point  under  consideration,  the  shear  is  found  by 
adding  up  the  proper  quantities  in  column  66  and  then 
subtracting  1.00  for  each  load  to  the  left.  The  quan- 
tity thus  obtained  is  multiplied  by  the  live  load  per 
load  point,  as  shown  in  the  following  computations: 

lAve-load  moments,  thrusts,  and  shears 

T>ive  load  =  125  pounds  per  square  foot. 

=  125X:i.5  =  437.5  pounds  per  load  point 
Pniiil  0: 

+Jl/  =  437.5X61.437  = 26,879 

H=i37.5X  y.357  = 4,094 

K=437.5X  4.212= .,.  1,843 

-Jtf =437.5X28.830  = 12.613 

//=437.5X  2.442= 1.06S 

K=4,37.5X  6.719  = _„ 2,940 

Point  2: 

+  JW=437.5X20.031  = 8,764 

7/=437.5X  7.258= 3.175 

K=437.5X  (4.673-1.00)  = 1,607 

-A/=437.5X  17.308= _ 7,572 

iy=437.5X  4.541  = 1,987 

F=437.5X  6.258= 2,738 

Point  11: 

+  >/=  437.5X10.002= ..-  4,376 

if=437.5X  7.683  = 3,361 

F=437.5X(3.813-3.0)  = 3,56 

-  J/=437.5X  3.210= 1,404 

/f=437.5X  4.116=. J 1,801 

F=437.5X{7.U7-7.0)  = 51 

Point  0': 

+  jV/=437.5X65.070= 28,468 

//=437.5X9.233= - 4,039 

P'=437.5X(10.265-13.0)  = 1,197 

-jW=437.5X26.281= 11,498 

//=437.5X2.566  =  .-. - - -- 1,123 

K=4.37.5X(0.666-7.0)  = 2,771 

These  moments,  thrusts,  and  shears  are  tabulated  in 
the  proper  places  m  columns  80,  81,  and  82. 
The  values  of  F,  are  found  from  the  equation 

2r  G 

-^1 u  20— 

In  substituting  in  this  equation,  e,  the  coefficient  of 
expansion  of  the  concrete,  is  assumed  to  be  0.000006. 
E,  the  modulus  of  elasticity  of  the  concrete,  is  taken  as 
2,000,000  pounds  per  square  inch  or  288,000,000 
pounds  per  square  foot,  and  t  has  been  assumed  as 
+  30°  F.  and  -40°  F.  These  values  with  other  values 
already  determined  when  substituted  in  the  equation 
give  values  of  F,  as  +55  and  —73. 

The  formula  for  7/,  given  on  page  95  reduces  to 


H, 


F^g+ 34,560^  _ +761 
C  -1,014 


The  values  of  F,  and  Ht  are  the  same  for  every  point. 


Mt  is  different  for  every  point  and  substitution  in  the 
formula  on  page  95  gives  the  following: 
For  point  0, 

+  11,335 
-15,113 


For  point  2, 

M,„=  M„ 
For  point  11, 

M„x,=  M„„~ 
For  point  0', 

M,„:  =  M„ 


'2  2A  ^'"'SA  " 


+  3F 


dx 


7.1H,= 


+  6,221 

-8,297 


dx 


21  F;:f- 19.927?,= 


2 


-1,803 
+  2,403 


,+4of; 


dx 


■^Hr 


+  11,380 
2      ""'      -15,153 

Table  12  is  completed  in  the  same  manner  as  the 
similar  table  for  the  symmetrical  arch. 

Stresses  in  steel  and  concrete. — As  in  the  example  for 
the  symmetrical  arch,  the  maximum  stresses  in  Table 
12  should  be  examined  to  determine  if  the  tensile 
strength  of  the  concrete  will  be  exceeded.  In  the 
present  example  the  tension  in  the  concrete  at  the 
extrados  at  point  0  is  335  pounds  per  square  inch,  the 
concrete  will  crack  and  the  tension  must  be  taken  by 
the  steel.  The  stresses  should  therefore  be  computed 
in  accordance  with  the  theory  of  flexure  and  direct 
stress.  The  calculations  for  point  0  differ  from  those 
given  in  the  example  for  a  symmetrical  arch  as  there  is 
reinforcement  in  both  the  top  and  bottom  of  the  arch 
ring.  In  this  case  the  diagrams  on  page  399  to  402  of 
Hool  and  Johnson's  Concrete  Engineers'  Handbook  are 
used  and  it  will  be  assumed  that  the  reader  is  familiar 
with  these  diagrams  and  the  theory  related  to  them. 
It  should  be  noted  that  Xo  and  t  in  Hool  and  Johnson's 
diagrams  are  the  same  as  u  and  h  in  this  article. 

The  following  calculations  are  made  to  determine  the 
stress  in  steel  and  concrete  at  point  0.  The  worst 
condition  at  point  0  is  caused  by  a  negative  moment  due 
to    dead    load,    maximum    negative    moment    due    to 


live  load,   and 
temperature. 


D.  L. 
L.  L_ 
T___ 


negative 


moment  due   to   a  fall   of 


Mo 
-46,498 
-12,613 
-15,  113 

-  74, 224 


N 
+  39,856 
+  3,044 
-618 

+  42,282 


—  74224 
u=  xTooco=  ~  1-^6  f^^^'  eccentricity  of  thrust. 

^  =  11^  =  0.70  feet  (value  of  ^''  in  Hool  and  Johnson). 
h     2.5  t 

^'       --^^-nnfisl  (f^' =  distance  from  center  of  steel 
^^^2^5^  =0.068  1^  ^Q  surface  of  concrete). 

From  the  diagram  on  page  399  of  Hool  and  Johnson 
(for  d'  =  Q.Qbt  in  which  t  is  the  same  as  h)  with  Po  = 

0.0031   and  j   =0.70,  Ic   is   equal    to  0.310,  and  from 

diagram  on  page  400  (for  d'  =  0.1  Oi),  I'  is  equal  to  0.300. 

d' 
As  +•  is  0.068  we  should  use  a  value  of  Ic  between  the 

h 
two  or  about  0.305. 


(Continued  on  page  104) 
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COMPARISON  OF  TRUCK  AND  RAILROAD  TONNAGE 
BETWEEN  COLUMBUS  AND  SELECTED  OHIO  CITIES 

AN  EXTRACT  FROM  THE  REPORT  ON  A  SURVEY  OF  TRANSPORTATION  ON  THE  STATE  HIGHWAY  SYSTEM 

OF  OHIO 


IN  order  to  detenu  me  what  proportion  of  the  total  ton- 
nage of  commodities  moving  between  cities  is 
hauled  by  motor  truck,  and  also  to  develop  the 
factoi's  ijifluencing  the  choice  of  motor  truck  or  rail- 
road, an  analysis  was  made  of  the  net  tonnage  hauled 
between  Cohunbus  and  34  Ohio  cities  by  motor  truck 
and  rail  lines. 

The  cities  selected  are  located  from  7  to  134  highway 
miles  from  Columbus  and  were  chosen  to  permit  an 
analysis  of  the  effect  of  length  of  haul  upon  the  pro- 
portions of  tonnage  transferred  by  motor  truck  and 
railroad,  respectively.  Hillsboro  and  Johnstown,  both 
havuig  indirect  rail  connections  with  Columbus,  were 
selected  to  determine  the  effect  of  indirect  rail  connec- 
tions upon  motor-truck  transportation.  Commercial 
Point,  Dublin,  Reynoldsburg,  and  Rome  were  selected 
to  ascertain  the  amount  of  tonnage  hauled  by  truck 
between  points  having  no  railroad  facilities. 

Motor  truck  net  tonnage  and  railroad,  carload  and 
less-than-carload  tonnage  data  for  an  average  month  of 
1925  were  taken  as  the  basis  for  this  comparison,  as 
shown  in  Figure  1,  the  size  of  the  circles  for  each  city 
indicating  the  total  net  tonnage  transported. 

It  is  apparent  that  distance  is  an  unportant  factor  hi 
the  amount  of  tonnage  hauled  by  motor  truck.  Be- 
tween Columbus  and  Akron,  Cincinnati,  and  Toledo, 
distances  of  over  100  miles,  a  very  small  part  of  the 
total  tonnage  is  hauled  b}^  truck,  while  l)etween  Co- 
lumbus and  Grove  City  and  between  Columbus  and 
Alton,  distances  of  8  and  9  miles,  respectively,  almost 
all  of  the  tonnage  is  transported  by  motor  truck. 

Table  1  presents  a  summary  of  the  relation  between 
motor  truck  and  rail  tonnage  according  to  length  of 
haul. 

Table  1. — Proportion   of   motor   truck    and   railroad   net   tonnage 
according  to  length  of  haul  for  average  month,  1925  ' 


Length  of  haul  (highway 
miles)    • 


Motor  truck 


Rail  (car- 
load) 


Per 
Tons  .  cent 

Less  than  20 6,091  i  84.5 

20-39 5,973  !  .54.7 

40-59 2,299  1  32.0 

60-99 I       980  I  24.2 

lOOandover !      157  1    2.3 


Tons 
1,112 
4,803 
4,484 
2,409 
5,280 


Per 

cent 
15.4 
44.0 
62.4 
59.4 
77.4 


Rail  (less    1 
than  carload) 


Total 


Tons 

10 

145 

404 

663 

1,383 


Per 
cent 
0.1 
1.3 
5.6 
16.4 
20.3 


Tons 
7,213 
10,  921 
7,187 
4,052 
6,  820 


Per 

cent 
100.  0 
100.  0 
100.0 
100.0 
100.  0 


'  Based  upon  tonnage  between  Columbn.s  and  30  cities  having  rail  connections. 


hauls,  motor-truck  tonnage  is  32,  24.2,  and  2.3  per 
cent,  respectively.  As  the  percentage  of  motor- 
truck tonnage  decreases  with  increase  in  distance  both 
rail,  carload,  and  less-than-carload  tonnage  increase. 
No  appreciable  amount  of  less-than-carload  tonnage  is 
noted  under  40  miles.  Between  40  and  59  miles  the 
less-than-carload  tonnage  is  5.6  per  cent  of  the  total 
and  this  percentage  increases  to  20.3  for  distances  of 
100  miles  or  more. 

Among  other  factors  controlling  the  proportion  of 
total  tonnage  hauled  by  truck  are  the  type,  of  com- 
modities and  rail  facilities.  An  illustration  of  the 
former  is  indicated  in  the  movement  between  Columbus 
and  Johnstown.  Although  Johnstown  is  only  22 
miles  from  Columbus  by  highway  and  41  miles  by 
railroad,  73.1  per  cent  of  the  tonnage  is  hauled  by  rail, 
practically  all  of  which  moves  in  carload  lots.  This 
high  percentage  of  rail  tonnage,  considering  the  com- 
paratively short  highway  mileage  and  the  longer  rail 
connection,  is  due  to  the  type  of  commodity  trans- 
ported, 95.7  per  cetit  of  the  total  tonnage  beuig  gravel, 
sand,  and  stone.  These  commodities  can  not  be 
economically  hauled  by  motor  truck  for  this  distance, 
as  is  indicated  by  the  fact  that  the  average  length  of 
haul  for  trucks  hauling  gravel,  sand,  and  stone  in 
Ohio  is  only  10  miles. 

The  influence  of  mdirect  rail  connection  upon  the 
proportion  of  motor  truck  and  rail  tonnage  is  shown 
between  Columbus  and  Hillsboro,  a  distance  of  65 
miles  by  highway  and  97  miles  by  railroad.  Between 
these  points  47.5  per  cent  of  the  total  tonnage  is  carried 
by  motor  truck.  Reference  to  Table  1  shows  that, 
under  normal  conditions,  between  40  and  59  miles, 
^n\y  32  per  cent  of  the  total  tonnage  is  carried  by 
motor  truck,  and  that  between  60  and  99  miles  the 
corresponding  figure  is  24.2  per  cent.  It  is  evident 
that  the  relatively  high  pei-centage  of  motor-truck 
tonnage  between  Columbus  and.  Hillsboro  is  due,  in 
large  part  at  least,  to  the  fact  that  the  distance  b; 
highway  is  32  miles  shorter  than  the  distance  by  rail- 
road . 


EFFECT  OF  SALTS  IN  MIXING  WATER  ON  STRENGTH 
OF  MORTAR  STUDIED 


Although  other  factors  besides  length  of  haul  influ- 
ence the  proportions  of  total  tonnage  hauled  by  motor 
truck  and  ra^l  lines,  respectively,  and  although  the  num- 
ber of  cities  in  each  zone  of  haul  (Table  1)  is  not  large, 
there  is  clearly  indicated  the  tendency  for  the  propor- 
tion of  motor-truck  tonnage  to  decreases  with  increase 
in  distance.  For  hauls  of  less  than  20  miles,  84.5  per 
cent  of  the  total  tonnage  is  transported  by  motor 
truck;  between  20  and  39  miles,  motor-truck  tonnage 
is  54.7  per  cent  of  total  tonnage;  and  for  the  longer 
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The  bureau  of  engineering  research  of  the  University 
of  Te.xas  is  now  studying  the  results  of  a  sei'ies  of  tests 
to  determine  the  effect  of  various  salts  in  inLxing 
water  on  the  strength  of  cement  mortar.  These  tests 
have  been  made  over  a  period  of  three  years  and  a 
report  is  to  be  made  soon. 

The  bureau  has  recently  moved  into  new  and  more 
commodious  quarters  and  an  enlarged  program  of 
research  work  is  being  planned  for  the  future,  according 
to  F.  E.  Giesecke,  director  of  the  bureau. 
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YADKIN  RIVER  BRIDGE  TEST  IN  PROGRESS 

Preliminary  studies  of  the  effect  of  temperature 
variations  on  the  arch  rhig  of  the  bridge  over  the 
Yadkin  River  between  Albemarle  and  Mount  Gilead, 
N.  C.,  are  now  in  progress.  The  measurements 
recently  begun  constitute  the  first  of  a  series  of  tests 
which  will  be  made  on  the  bridge,  a  Federal-aid  struc- 
ture, during  the  coming  summer  and  autumn.  The 
bridge,  which  will  be  submerged  early  next  year  by 
back  water  from  a  dam  now  under  construction,  is 
being  tested  under  the  joint  auspices  of  the  bureau 
and  the  North  Carolina  State  Highway  Commission 
with  the  aid  of  an  advisory  committee  of  distinguished 
engineers. 

The  temperature  of  the  concrete  is  being  determined 
at  various  depths  in  the  arch  ring  by  means  of  ther- 
mometers inserted  in  holes  drilled  in  the  arch  and 
filled  with  cup  grease  to  exclude  the  air.  Smiulta- 
neously  with  the  temperature  readings,  measurements 
of  the  deflection  of  the  crown  of  the  arch  are  made  from 
the  datum  afforded  by  a  taut  piano  wire.  The  wire 
is  fixed  at  one  end  and  passes  over  a  pulley  at  the  other 
and  is  kept  at  a  uniform  tension  by  means  of  a  weight. 
The  preliminary  temperature  studies  are  being  made 
for  the  purpose  of  correcting  for  temperature  the  results 
obtained  in  subsequent  loading  tests. 

Representatives  of  the  advisory  committee  inspected 
the  bridge  on  May  15  and  16  and  agreed  upon  a  pro- 
gram of  test  procedure.  The  loading  is  to  consist  of 
tanks  filled  with  water  and  so  constructed  as  to  be 
moved  readily  to  desired  positions.  Distribution  of 
stresses  will  be  determined  for  various  positions  of  the 
loads.  If  time  and  sufficient  funds  are  available, 
impact  tests  will  be  made,  using  heavy  trucks  for  loads. 
Following  this,  an  attempt  will  be  made  to  load  the 
bridge  to  destruction  with  water  tanks., 

The  loading  measurements  will  include  the  deforma- 
tions of  the  concrete,  the  deflections  and  change  in 
curvature  of  the  arch  ribs,  and  the  movements  of  the 
piers.  Preparations  for  the  loading  measurements  are 
being  made  as  rapidly  as  possible.  A  ferry  will  be 
operated  across  the  river  in  order  to  permit  closing 
the  bridge  prior  to  the  completion  of  the  replacing 
structure. 

Exact  measurements  of  the  existing  bridge  are  now 
being  taken  and  an  analysis  of  the  structure  will  be 
made  by  the  Beggs  deformeter  method,  using  a  model 
constructed  in  accordance  with  these  measurements, 
in  order  to  determine  the  relation  between  the  actual 
behavior  of  the  structure  under  load  and  the  behavior 
as  determined  by  the  analysis. 


face  blasting,  etc.  Some  quarries,  where  methods  of 
operation  were  changed  after  the  studies  were  made, 
were  studied  during  the  following  season  in  order  to 
compare  the  two  different  methods  of  operation. 
Tables  of  detailed  costs  for  each  quarry  are  followed  by 
tables  and  discussions  analyzing  each  of  the  major 
operations  for  all  of  the  quarries  studied.  The  bulle- 
tin will  be  of  great  value  to  quarry  operators,  engineers, 
and  others  having  to  do  with  the  production  of  broken 
stone  in  determining  if  operations  are  being  efficiently 
conducted  by  comparison  with  other  quarries  operating 
under  similar  conditions.  It  will  also  be  useful  in 
determining  the  efficiency  of  operations  in  rock  exca- 
vation for  highway  and  other  purposes. 

It  is  believed  that  its  greatest  usefulness  lies  in  the 
suggestions  it  contains  for  producers  who  wish  to  adopt 
a  cost-keeping  system  based  on  units  of  operation. 


PRODUCTION  COSTS  OF  BROKEN  STONE 

The  United  States  Department  of  Agriculture  has 
recently  issued  Miscellaneous  Circular  No.  93,  Direct 
Production  Costs  of  Broken  Stone,  by  George  E.  Ladd, 
economic  geologist,  division  of  tests,  Bureau  of  Pubhc 
Roads.  This  circular  contains  a  detailed  report  of 
cost  analyses  of  operations  at  a  number  of  quarries  of 
various  sizes,  involving  production  of  broken  stone  in 
various  kinds  of  rock,  and  discusses  generally  the  condi- 
tions which  affect  costs.  The  report  describes  in  detail 
the  character  of  each  of  the  quarries  studied  and  gives 
direct  costs  of  the  various  operations,  such  as  stripping, 
drilling  face,  breaking  bowlders  by  various  methods, 


HIGHWAY  BRIDGE  LOCATION 

Important  principles  governing  the  location  of  high- 
way bridges  are  discussed  in  United  States  Department 
of  Agriculture  Bulletin  1486D,  Highway  Bridge  Loca- 
tion, by  C.  B.  McCuUough,  bridge  engineer,  Oregon 
State  Highway  Commission.  In  this  bulletin  Mr. 
McCuUough  presents  the  results  of  a  long  experience 
in  the  location  of  highway  bridges,  discussing  the 
subject  with  reference  to  first  cost,  maintenance,  opera- 
tion, and  relation  to  the  highway  of  which  it  is  a  part. 

Location  of  minor  structures  is  discussed  in  some 
detail,  giving  desirable  and  undesirable  features  in 
alignment  of  highway  and  culvert  location.  Cost 
considerations  involved  in  the  location  of  large  struc- 
tures are  treated  under  the  headings  length  of  crossing, 
angle  of  crossing,  foundation  conditions,  and  perma- 
nency of  channel.  It  is  pointed  out  that  a  location  at 
first  thought  to  be  most  desirable,  may,  after  careful 
investigation,  prove  to  be  more  costly  than  some  other 
location  which  is  apparently  less  advantageous.  The 
bulletin  also  discusses  maintenance  considerations, 
alignment,  grade-line  treatments,  traffic  influence  on 
bridge  location,  and  location  over  navigable  waters. 


(Continued  from  page  101) 

d' 
The  diagram  on  page  402  is  for  ^  =  0.10. 

To  use  the  diagram  for  ^  =  0.05,  Po  should  be  divided 
by  0.790  according  to  instructions  below  the  diagram. 

As  the  value  of  t   in  this  case  is  0.068   we   should 
*  ti 

divide  Po  by  about  0.84,  which  gives  a  value  of  Po  = 

0.0037  for  use  with  the  diagram.    Using  a  value  of  Po 

=  0.0037  and  it  =  0.305  we  find  from  the  diagram  that 

i  =  0.0900.     Then  substituting  in  the   equation  given 

M  12X  74  224 

by    Hool  and  Johnson,    /c  =  iy^.  =  070900  X  12  X  (30)^  = 

916    pounds    per    square    inch,    and    fg'=nic{=r.-l)  = 

/      28  \ 

15X  916(  „^^- „Y)"- 1  1  =  28,300  pounds  per  square  inch. 

Stresses  are  computed  at  all  points  where  Table  12 
indicates  that  the  concrete  will  crack  and  if  necessary 
the  design  of  the  arch  ring  is  revised.  Usually  a  slight 
modification  is  sufficient  to  keep  within  the  limits  of 
the  specifications. 
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PROTECTION  OF  CONCRETE  AGAINST  ALKALI 

FURTHER  TESTS  BY  BUREAU  OF  PUBLIC  ROADS  ON  TREATMENT  OF  CONCRETE  WITH  TAR  AND  PARAFFIN 

Reported  by  E.  C.  E.  LORD,  Petrographer,  United  States  Bureau  of  Public  Roads 


THE  investigations  carried  on  for  some  years  by  the 
Bureau  of  Public  Roads  to  determine  the  degree 
of  protection  against  alkali  attack  afforded  by 
treatment  of  concrete  with  tar  and  paraffin  have  been 
contiiuied,  and  additional  infoi'ination  has  been  gained 
regarding  the  physi(;al  properties  of  the  preservatives 
and  their  behavior  when  applied  to  various  types  of 
concrete. 

SCOPE  OF  TESTS  OUTLINED 

The  effrlier  tests,  results  of  which  have  already  been 
published,'  were  carried  out  on  Portland  cement 
concrete  cylinders  (4  by  6  inches)  made  of  Potomac 
River  sand  and  gravel  graded  in  the  proportions  of 
1:13^:3, 1:2:4,  and  1:3:6,  and  cured  for  28  d  ays  in  damp 
sand  and  about  four  weeks  in  dry  air.  These  cylinders 
were  ti'eated  with  6  and  10  coats  of  water-gas  tar  alone 
and  with  10  coats  of  water-gas  tar  and  a  seal  coat  of 
heavy  coal  tar  cut  back  with  solvent  naphtha  to  a 
working  consistency.  In  later  tests  a  lighter  tar 
requiring  no  dilution  has  been  used  in  place  of  this 
heavy  tar. 

In  addition  to  the  tar  treatment  samples  of  each  mix 
were  immersed  for  24  hours  in  a  20  per  cent  paraffin- 
kersosene  solution  at  about  80°  F.  and  given  four  coats 
of  this  solution  after  the  cylinders  had  dried  out  for 
one  week. 

Two  batches  from  each  mix  were  left  untreated,  one 
to  be  stored  in  alkali  solution  and  the  other  in  tar  water. 

These  earlier  samples  were  weighed  before  and  after 
treatment  and  stored,  four  each,  in  porcelain-lined, 
covered  cans  contaming  6,000  cubic  centimeters  of  a 
3  per  cent  sodium-magnesium  sulphate  solution.^  For 
the  first  two  years  the  solution  was  frequently  renewed 
and  the  specimens  removed  at  weekly,  monthly,  and 
trimonthly  periods  and  allowed  to  dry  out  for  48  hours 
before  returning  to  the  alkali  bath.  Following  the 
two-year  period  the  samples  were  allowed  to  remain 
undisturbed  in  the  alkali  solution  for  the  final  twelve 
months,  but  with  the  cans  partly  uncovered.  During 
this  time  a  considerable  loss  by  evaporation  took  place, 
resulting  in  an  appreciable  concentration  of  the  solu- 
tion and  crystallization  of  sulpliate  salts  in  the  surfaces 
of  the  cylinders.     (See  fig.  1.) 

At  the  end  of  each  year  all  samples  were  removed 
from  the  solution,  weighed,  and  allowed  to  dry  out  for 
10  days  hi  the  laboratory,  when  approximately  con- 
stant weight  was  obtained.  The  diiference  between 
this  weight  and  that  immediately  after  removal  from 
the  bath  indicated  capillary  or  absorbed  moisture, 
while  the  original  dry  weight  deducted  from  that  after 
immersion  and  drying  represented  essentially  the 
secondary  salts  formed  during  the  test  period.  These 
salts  together  with  the  lime  dissolved  from  the  test 
specimens,  as  well  as  insoluble  residues  found  in  the 
cans,  served  as  a  measure  of  alkali  attack. 


1  Protection  of  Concrete  against  Alkali,  Public  Roads,  vol.  5,  No.  3,  May  1924  and 
another  article  under  the  same  title  in  Public  Roads,  vol.  6,  No.  U,  January,  1926. 

2  The  solution  contained  7. 78  grams  MgS04  and  6.61  grams  NajSOi  per  liter. 
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During  the  early  stages  of  the  investigation  it  was 
noted  that  the  lime  dissolved  from  the  untreated  speci- 
mens gradually  decreased  in  quantity  until  after  a 
period  of  about  three  months  it  was  entirely  removed 
from  solution.  This  loss  in  lime  was  accompanied  by 
an  equivalent  loss  of  magnesia  and  by  the  formation 
of  lime  and  magnesia  carbonates  and  calcic  sulpho- 
aluminate.  It  may  be  a  matter  of  interest  to  state 
that  the  latter  salt  was  found  only  as  a  precipitate  in 
the  cans  and  not  in  the  concrete  itself,  indicating  that 
the  failure  of  concrete  under  the  present  test  conditions 
can  not  be  attributed  to  this  salt.  The  destructive 
agencies  have  been  found  to  consist  chiefly  of  mag- 
nesium hydrate  and  gypsum  which  are  formed  imme- 
diately when  free  lime  developed  in  the  cement  on  set- 
ting, is  brought  in  contact  with  solutions  containing 
magnesium  sulphate.  This  was  especially  noticeable 
in  imperfectly  seasoned  concrete,  where  colloidal 
magnesium  hydrate  and  gypsum  crystals  forming  in 
the  body  of  the  concrete  caused  sufficient  volume 
change  to  rupture  the  specimens  within  three  months. 
In  well-seasoned  concrete,  on  the  other  hand,  the  for- 
mation of  calcium  carbonate  during  the  curing  period 
increased  the  density  of  the  mass,  thereby  retarding  the 
entrance  of  alkali  solutions  and  rendering  the  concrete 
very  resistant  to  alkali  attack. 

Upon  completion  of  the  three-year  period  of  expo- 
sure the  cylinders  were  photographed  to  show  the 
surface  condition  of  the  concrete.  Figure  1  shows  the 
condition  of  the  samples  of  1:2:4  concrete  at  this  time. 

It  may  be  stated,  in  general,  that  no  evidence  of 
serious  injury  by  alkali  was  observed  on  any  of  the 
specimens  except  those  of  1:3:6  mix,  and  that  poor 
fabrication  was  seemingly  responsible  for  the  injury 
of  these  specimens. 

RESULTS  OF  TESTS 

The  tests  thus  far  described  are  essentially  of  a 
chemical  nature  and  serve  to  indicate,  through  gain  in 
weight  by  accumulation  of  secondary  salts,  and 
absorbed  moisture,  and  loss  of  soluble  material,  the 
eftect  of  alkali  attack,  and  the  degree  of  protection 
oft'ered  by  the  various  treatments. 

Table  1  gives  in  condensed  form,  the  results  of  the 
tests  covering  a  period  of  three  years,  together  with 
the  quantities  of  tar  and  paraffin  absorbed  on  a  per- 
cent-by-weight basis.  It  will  be  noted  that  the 
amount  of  protectives  taken  up  increases  with  the 
leanness  of  the  mix  and  is  proportionate  to  the  number 
of  coats  applied.  Considering  the  quantitative  efi'ect 
of  alkali  attack,  indicated  in  columns  18  and  21  of  the 
table,  it  will  be  observed  that  the  total  percentage  of 
gain  and  loss  increases  with  the  leanness  of  the  mix 
and  decreases  with  the  quantity  of  protectives  applied.^ 

An  interesting  point  is  the  very  small  percentage  of 
dissolved  material  (column  21)  as  compared  with  the 

3  An  apparent  e.vception  is  indicated  in  batcii  17.  column  18,  where  an  excessive 
gain  in  weight  resulted  from  partial  failure  of  two  of  the  cylinders. 
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large  increase  in  secondary  salts,  chiefly  carbonates  of 
liine  and  magnesia,  which  exceed  43^  per  cent  in  un- 
treated 1:3 :()  speciinons  stored  in  alkali  (batch  14, 
column  15).  It  will  be  noted  that,  during  the  third 
year,  when  the  samples  were  partly  immersed  in  the 
alkali  solution  (column  12),  appreciably  lower  values 
for  absorbed  moisture  were  ol)tained  than  in  previous 
years  (columns  10  and  11),  while  the  average  quantity 
of  secondary  salts  renuiined  about  constant  (column 
15). 

Regarding  the  indicated  protection  afl^orded  by  the 
various  treatments,  as  shown  by  the  gain  in  weight 
(column  18)  and  loss  by  chemical  and  mechanical 
action  (column  21),  it  will  be  observed  that  batches 
receiving  a  maximum  quantity  of  both  tar  and  paraffin 
ai'e  about  equally  protected  (batches  No.  5,  7,  12,  13, 
18,   and    19),   but  whei'c    the    seal    coat    was    omitted 


(batches  No.  4,  6,  11,  and  17)  there  was  a  decrease  in 
protection  of  from  one-third  to  two-thirds  in  the  case 
of  tar-treated  samples  and  about  two-fifths  for  those 
treated  with  paraffin. 

As  stated  in  a  previous  report  the  effect  of  alkali 
attack  on  samples  immersed  in  paraffin  solution 
(batch  No.  6)  appeared  to  be  mainly  superficial.  This 
is  further  substantiated  by  a  relatively  high  loss  by 
abrasion  and  chemical  action  (0.07  per  cent)  and  low- 
percentage  of  absorbed  moisture  (1.12  per  cent). 

Comparing  the  chemical  effect  of  alkali  attack  on 
the  untreated  samples  after  three  years'  exposure 
(batches  Nos.  1,  8,  and  14,  columns  18  and  21)  with 
that  of  cylinders  receiving  the  maximum  protective 
treatment  (batches  Nos.  5,  7,  12,  13,  18,  and  19, 
columns  18  and  21)  the  results  of  the  tests  indicate  for 
the  latter  at  least  a  fourfold  protection. 
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i'li;.    1.-   SuKFACE  Condition   of  1:2:4  Concrete  Cylinders   With  Vakiots    Tkeatments    After  Three    Years    in 

Alkali  Solution  and  Tap  Water 

Table   1. — Effect  of  iilkdli  on  Ircnled  and  luitrcoU'd  coucrele 


Batch 

No 


1 
2 

3 

4 
5 

6 

7 

8 
9 

10 

Ml 
12 


Mix 


1:H2:3 
l-.VA-.S 

1:1^;3 
l:VA:3 
1:VA:3 

1:1H:3 
1:1^:3 

1:2:4 
1:2:4 

1:2:4 
1:2:4 
1:2:4 


1:3:6 
1:3:6 

1:3:6 
1:3:6 
1:3:6 

1:3:6 


Trent  iiieiit 


Untreated,  stored  in  alkali. _ 
Untreated,    stored    in    tap 

water.  _  _ _ 

6  coats  water-gas  tar 

10  coats  water-gas  tar 

10  coats  water-gas  tar,  1  coat 

coal  tar 

24  hours  in  paraffin  solution, 
24  hours  in  paraffin  solution, 

4  coats  paraffin _ 

Untreated,  stored  in  alkalis. 
Untreated,    stored    in    tap 

water _. 

6  coats  water-gas  tar _. 

10  coats  water-gas  tar 

10  coats  water-gas  tar,  1  coat 

coal  tar 

24  hours  in  paraffin  solution, 

4  coats  paraffin 

Untreated,  stored  in  alkalis 
Untreated,    stored    in    tap 

water 

6  coats  water-gas  tar 

10  coats  water-gas  tar 

10  coats  water-gas  tar,  1  coat 

coal  tar 

24  hours  in  paraffin  solution, 

4  coats  of  paraffin 


Weight 

after 
treat- 
ment 


Grams 
10,683 

U,252 
10,641 
11,129 

U,326 
11,463 

11,411 
10, 687 

11,304 
10, 872 
8,293 

11,053 

11,598 
10, 410 

11,099 
10,  505 
10, 852 

10, 887 

11,415 


To- 
tal 
tar 
ab- 
sorb- 
ed 


Per 

cent 


0.49 
.82 


1.12 


.46 
1.29 


2.26 
2.94 


Par- 
affin 
ab- 
sorb- 
ed 


Per 

cent 


Weight  after- 


1  year 


1.84 
2.32 


Grams 
11,074 


10,848 
11,315 

11,422 
11,592 

11,493 
11,172 


11,119 
8,445 


11,196 


11,737 
10, 902 


10, 831 
11,099 

11,051 

11,612 


2  years 


3  years 
9 


Grams 
11, 105 


10, 859 
11,322 


11,429 
11,463 


11,524 
11,185 


11,178 
8,428 


11,176 


11,724  t 
10,967  , 


10, 847 
11, 147 

11,045 

11,600 


Grams 
11,096 

11,625 
10, 819 
11,216 

11,381 
11,591 

11,491 
11,164 

11,738 
11,153 
8,405 

11,158 

11,693 
10, 988 

11,623 
10,846 
11,239 

11,015 

11,591 


Moisture  absorbed 
after— 


I 
year 


Per 

cent 
0.72 


.  1* 
.21 


2 
years 


Per 
cent 
0.77 


.58 
.47 


.27 
.34 


.32 
.60 


.23 


.26 
1.15 


3 

years 


Per 

cent 
0.41 

.82 
.12 
.09 

.01 
.20 

.11 
.54 

1.00 

.22 
.13 

.09 

.16 
.96 

1.61 
.53 
.98 

.10 

.44 


Secondary  salts 
formed  after — 


I 

year 


Per 
cent 
2.96 


1.38 
1.18 


.68 
.92 


.57 
3.62 


2.27 
1.47 


.95 
3.74 


2.66 
1.85 


1.20 
1.39 


2 

years 


Per 

cent 
3.18 


1.48 
1.27 


4.06 


2.50 
1.33 


.90 


.83 
4.20 


2.63 
1.97 


1.03 
1.04 


3 
years 


Per 

cent 
3.45 

2.48 
1.55 
.70 

.47 
.92 

.59 
3.93 

2.85 
2.36 
1.23 


4.59 

3.11 
2.72 

2.58 

1.08 
1.10 


Total  gain  in 
weight  after— 


1 

year 


2 

years 


Per      Per 

cent  i  cent 
3.  68  !  3.  95 


L94 
1.66 


1.13 


.72 
4.54 


2.77 
1.83 


2.06 
1.74 


.91 
1.26 


1.00 
4.66 


2.81 
1.63 


1.29  :  1.13 


1.20 
4.73 


3.11 
2.27 


1.52 
1.68 


1.09 
5.35 


3.26 
2.72 


1.46 
1.62 


3 

years 


Per 

cent 
3.86 

3.30 

1.67 
.79 

.48 
1.12 

.70 

4.47 

3.85 
2.58 
1.36 

.95 

.82 
5.55 

4.72 
3.25 
3.56 

1.18 

1.54 


Material  at  bottom  of  container. 


Total  loss  after  '- 


1 

year 


Per 

cent 
0.14 


08 


2 
years 

20 


Per 
cent 
0.16 


.09 


.04 


3 

years 


Per 

cent 
0.17 


.04 
.07 


.03 

.27 


.17 
.07 


.08 
.04 


>  Three  cylinders  in  batch.    All  other  batches  contained  4  cylinders. 
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An  examination  of  the  test  specimens  after  breaking 
(see  fig.  2)  indicates  a  very  unequal  grading  of  the  coarse 
aggregate  in  the  tar-treated  samples  resulting  in  high 
porosity  and  frequently  in  honeycomb  structure. 
This  imperfect  grading  is  esj)ecially  noticeable  in  the 
leaner  mixes  where  partial  failure  of  the  test  pieces 
occurred  during  the  third  year  of  exposure  to  alkali 
attack  (batches  No.  16  and  17,  columns  18  and  21). 

No  evidence  of  alkali  attack  is  noticeable  in  any  of 
the  specimens  except  possibly  in  the  1:3:6  mix  show- 
ing a  disproportionate  amount  of  coarse  aggregate. 
It  will  be  observed  that  the  depth  of  tar  penetration  is 
dependent  upon  the  porosity  of  the  concrete  and  varies 
from  about  one-fourth  inch  in  the  denser  mixes  to 
almost  complete  saturation  in  the  1:3:6  mixes  receiving 
1  0  coats  of  tar. 

QUALITY  OK  TARS 

Upon  completion  of  the  foregoing  investigations 
preliminary  tests  were  made  with  various  types  of 
water-gas  and  coal  tars  in  regard  to  their  penetration 
and  waterproofing  values  in  order  to  qualify  the 
material  found  best  suitable  for  further  work.  As  a 
result  of  these  tests  the  following  tentative  specifica- 
tions were  drawn  up. 

PROVISIONAL    SPECIFICATION    FOR    TARS    FOR    USE    IN    PROTECTION 
OF    CEMENT    CONCRETE 

I.  Grades. — The  materials  covered  by  this  specification  shall 
be  supplied  in  one  or  both  of  the  following  grades,  as  ordered 
by . (the  purchaser) . 


1       eCOATS 
WATER  GAS  TAR 


10  COATS 
WATER-GAS  TAR 


136  13    6  13^6 

UNTREATED  U^.'PfATEP  24  HOURS  I M 

STORED  IN  ALKALI  TORtO  IN  lAP  WATER  PARAFFIN  SOLUTION 


Grade 

Material 

TW-l-X           _  . 

Water-gas  tar  for  absorptive  treatment. 

TR-1-25 

Fluxed  refined  tar  for  seal  application. 

II.  Materials. — Materials  supplied  under  this  specification 
as — 

1.  Grade  TW-l-X  shall  be  crude  water-gas  tar,  which  may 
be  treated  for  the  removal  of  e.xcess  water  if  necessary  to  meet 
the  detail  requirements  of  this  specification. 

2.  Grade  TR-1-25  shall  be  prepared  from  refined  ga.s-house, 

coke  oven,    "     water-gas  tars  fluxed  with  suitable  distillates. 

III.  General  requirements. — The  tars  shall  be  homogeneous. 

IV.  Detail  requirements. — The  respective  grades  of  tar  shall 
meet  the  following  requirements: 


1.  Specific  gravity,  25°/25°  C.  (77°/77°  F.). 

2.  Specific  viscosity  at  40°  C.  (104°  F.) 


Total  distillate  by  weight: 

To  170°  C.  (338°  F.)..._ 

To  235°  C.  (455°  F.) 

To  270°  C.  (518°  F.).._ 

To  300°  C.  (572°  F.)  not  more  than.... 

(a)  Softening    point  of   residue,  not 
more  than. 
Bitumen  (soluble  in  carbon  disulphide), 

not  less  than. 
Water,  not  more  than 


Grade  TW-l-X 


1.030  to  1.100 

Not  more  than 
3.0. 


50.0  per  cent. 


98.0  per  cent. 
3.0  per  cent.. 


Grade  TR-1-25 


1.090  to  1.190. 
35.0  to  60.0. 

2.0  to  8.0  per  cent. 
10.0  to  20.0  per  cent. 
18.0  to  30.0  per  cent. 
38.0  per  cent. 
65°  C.  (149°  F.). 

80.0  per  cent. 

2.0  per  cent. 


V.  Methods  of  testing. — Tests  of  the  phjsical  and  chemical 
properties  of  the  tars  shall  be  made  in  accordance  with  the 
following  methods: 

1.  Specific  gravity:  A.  S.  T.  M.  tentative  test  D70-20T; 
Proc.  A.  S.  T.  M.,  1920,  Part  I,  p.  764. 

2.  Specific  viscosity  (on  first  5(5  c.  c.) :  United  States  Depart- 
ment of  Agriculture  Bulletin  314,  p.  7. 

3.  Distillation  test:  A.  S.  T.  M.  standard  method  D20-18 
(A.  S.  T.  M.  Standards,  1924,  p.  951). 

The  following  modifications  in  procedure  of  the  A.  S.  T.  M. 
method  shall  be  applied : 

The  distillation  test  may  be  made  on  the  sample  as  received 
without  dehydration,  if  water  is  present  not  to  exceed  2  per  cent. 


Fig.  2. — Condition  of  the  Interior  of  Concrete  Speci- 
mens After  Three  Years  in  Alkali  Solution  .\nd 
Tap   Water  ^ 

but  the  results  shall  be  reported  on  a  dry  ba.sis.  (Par.  2  of  A.  S. 
T.  M.  method  D20-18.) 

The  thermometer  shall  be  placed  in  the  flask  so  that  the  top 
of  the  bulb  is  level  with  the  lowest  point  of  junction  between 
tubulature  and  neck  of  the  flask.  (Par.  4  of  A.  S.  T.  M.  method 
D20-18.) 

For  use  in  the  distillation  test  the  thermometer  shall  be  cali- 
brated by  distilling  (a)  water,  (c)  chemically  pure  naphthalene, 
and  (c)  chemically  pure  diphenylamine  in  the  apparatus  as 
assembled  for  a  test.  When  the  pure  material  is  distilling  at  the 
specified  rate,  and  not  less  tlian  15  cubic  centimeters  have  been 
condensed,  the  thermometer  reading  and  a  barometric  reading 
are  taken.  The  actual  temperatures  are  calculated  from  the 
equations: 

For  water,  temperature=  100-1-0.037  (mm.  barometer  — 760) ; 

For  naphthalene,  temperature  =  218-[-0.058  (mm.  barometer 
-760); 

For  diphenylamine,  temperature  =  302 -[-0.055  (mm.  barometer 
-760). 

From  the  observed  thermometer  readings  and  corresponding 
actual  temperatures  as  thus  calculated,  thermometer  readings 
corresponding  to  specified  fractionating  temperatures  shall  be 
calculated  and  used  in  distillation  tests  of  bituminous  materials. 
(Par.  5  of  A.  S.  T.  M.  method  D20-18.) 

The  rate  of  distillation  shall  be  so  regulated  that  50  to  70 
drops  pass  over  every  minute.  (Par.  of  A.  S.  T.  M.  method 
D20-18.) 

3  (a).  Softening  point:  A.  S.  T.  M.  standard  method  D36-24 
(A.  S.  T.  M.  Standards,  1924,  p.  955). 

4.  Bitumen  soluble  in  carbon  disulphide:  A.  S.  T.  M.  tenta- 
tive method  D4-23T  (Proc.  A.  S.  T.  M.,  1923,  Part  I,  p.  751). 

5.  Water:  A.  S.  T.  M.  .standard  method  D95-24  (A.  S.  T.  M. 
Standards,  1924,  p.  901). 

VI.  Notes. — 1.  The  requirements  of  this  specification  for 
grade  TR-1-25  are  based  on  United  States  Government  Master 
Specification  No.  281,  Tar  for  use  in  repair  work. 
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ABSORPTIVE  AND  WATERPROOFING  PROPERTIES  OF  TAR 

In  addition  to  the  experiments  thus  far  recorded  it 
seemed  desirable  to  determine  the  penetrating  and 
waterproofing  properties  of  water-gas  tar  when  applied 
to  cement  mortars  and  concrete  of  varying  consisten- 
cies both  by  surface  application  and  immersion.  The 
tests  were  niade  on  1 :1  H  w^d  1:2  mortar  and  1:13/^:3, 
1:2:3,  and  1:2:4  concrete  cylinders  of  both  wet  and  dry 


consistency,  with  water-gas  and  coal  tar  conforming 
to  provisional  specifications  TW-l-X  and  TR-1-25. 

The  immersion  treatment  was  carried  out  on  cyl- 
inders, four  to  a  batch,  which,  after  weighing,  were 
submerged  successively  in  water-gas  tar,  the  first  for 
one-half  hour,  the  second  for  1  hour,  the  third  for  1)4, 
hours,  and  the  fourth  for  2  hours.  After  each  treat- 
ment the  samples  were  allowed  to  dry  out  thoroughly 


Table   2- -Absorption  of  iralcr-f/as  lar  and  moisture  bi/  moridr  and  concrete  cylinders  stored  seven  days  in  water  and  seven  days  in  air 


Oroup  Ni). 


12. 


16. 


20. 


Sample 
No. 


Mix 


1;1'.. 
1 ;  1 1  ■: 

i;i''i 
iiiU 
i;l'2 
1:1'2 

1-.11.2 

1:11-2 

l:li2 

1:11., 

1:1>2 

l:li.> 

l:li2 

1:11 2 

l;li2 

1:11-2 

1:2 

1:2 

1:2 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1:2 

1:2 

1:2 

1:112:3 

l;m;3 

1:1,4:3 

1:11,4:3 

1:1,4:3 

1:1,4:3 

1:14:3 

1:VA:3 

1:14:3 

1:14:3 

1:14:3 

1:11/2:3 

1:14:3 

1:14:3 

1:112:3 

1:112:3 

1:2:3 

1:2:3 

1:2:1 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:3 

1:2:4 

1:2:4 

1:2:4 

1:2:4 

1:3:4 

1:2:4 

1:2:4 

1:2:4 

1:2:4 

1:2:4 

1:2:4 

1:2:4 

1:2:4 

1:2:4 

1:2:4 

1:2:4 


f'onsis- 
lency  i 


Dry. 

.,--do 

-..-do 

....do 

...do 

....do 

...do 

...do 

Wet 

...do 

...do 

...do 

....do 

...do 

...do 

...do 

Dry 

...do 

...do 

....do 

....do 

.-..do 

..-.do 

...do 

Wet. -. 

....do 

---.do 

-.-.do 

...do 

....do 

....do 

do 

Dry 

do 

do 

.  ..do 

do 

.  ..do. 

do 

---.do 

Wet 

do 

do 

."...do 

....do 

do 

....do. 

do 

Dry 

do 

do. 

...do 

do 

do 

do 

do 

Wet 

do 

do 

do. 

do 

do 

do 

do 

Dry 

do 

do _ 

do 

do 

...do 

do 

do 

Wet 

do 

do 

do 

do 

do 

do 

do 


Tar  treatment 


Immersion,  \i  hour 

Immersion,  1  hour 

Immersion,  14  hours. - 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Paining,  4  coats 

Immersion,  4  hour 

Immersion,  1  hour 

Immersion,  14  hours. - 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coats 

Immersion,  4  hour 

Immersion,  1  hour 

Immersion,  V/i  hours.. 

Immersion.  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coats 

Immersion,  4  hour 

Immersion,  1  hour 

Immersion,  14  hours.. 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coats 

Immersion,  i2hour 

Immersion,  i  hour 

Immersion,  IV2  hours.. 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coats 

Immersion,  ;  2  hour. . . 

Immersion,  1  hour 

Immersion,  I4  hours.. 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coals 

Immersion,  ,4  hour 

Immersion,  1  hour 

Immersion,  lyi  hours. 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coats 

Immersion,  4  hour 

Immersion,  1  hour 

Immersion,  I1-2  hours. 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coats 

Immersion,  } 2  hour.  _ , 

Immersion,  1  hour 

Immersion,  lli  hours. 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coats 

Immersion,  1 2  hour.  _ . 

Immersion,  i  hour 

Immersion,  1 4  hours. 

Immersion,  2  hours 

Painting,  1  coat 

Painting,  2  coats 

Painting,  3  coats 

Painting,  4  coats 


Weight 
before 

treat-  Tar  absorbed 

ment 


Gra 


ms 

456 

45.') 

455 

454 

459 

456 

4.59 

4.')6 

430 

430 

439 

437 

432 

433 

432 

433 

459 

462 

453 

452 

456 

464 

456 

464 

441 

433 

441 

442 

440 

440 

440 

440 

,589 

558 

575 

580 

625 

656 

625 

fi.56 

566 

648 

585 

585 

.579 

635 

579 

635 

632 

632 

644 

640 

575 

,581 

,575 
581 

,559 
575 

,578 
625 
578 
557 
578 
557 

,577 

,576 
652 
567 

,590 

,578 
590 
578 
574 

,578 
537 

,  554 
564 

,619 
564 

,019 


Grams 
3 
5 
6 
8 
2 
3 
4 
5 


Per  cent 

0.66 

1.10 

1.32 

1.76 

.44 

.66 

.87 

1.10 

1.39 

1.63 

2.05 

2,52 

.46 

.92 

1.16 

1.39 

.87 

1.08 

1.32 

1.55 

.44 

.65 

.88 

1.08 

.90 

1.62 

1.81 

2.04 

.45 

.91 

1.14 

1.37 

1.13 

1.35 

1.46 

1.52 

.31 

.48 

.62 

.72 

1.34 

1.40 

1.51 

1.58 

.31 

.43 

.57 

.73 

1.04 

1.29 

1.34 

1.41 

.51 

.76 

.82 

.90 

1.16 

1.46 

1.65 

1.72 

.51 

.64 

.76 

.89 

1.39 

1.65 

1.63 

1.78 

.50 

.70 

.75 

.88 

1.52 

2.22 

2,41 

2.51 

.51 

.62 

.77 

.87 


Penetra- 
tion 


Inch 


y» 


Dried 


Hours 

1 

1> 

2 

Vi 
H 

1 

IM 
4 

1 

14 
i4 
Vi 
H 

1 
4 

1 

2 

4 

M 
1 
IK 

4 

H 
1 
14 

H 


1 
IM 

H 
1 

14 
H 


1 

11 
2 
4 

1 

iK 
4 
% 

1 

14 

1 

4 
1 

14 

2 

H 
1 

1 

14 
K 
4 
H 

1 


12 


Water  absorbed  2 


First 
10  days 
in  water 


Per  cent 
1.97 

.87 
.87 
.87 


2.39 
1.74 
3.25 
1.62 
.90 
.91 


3.71 
3.45 
1.74 


2.40 
.86 

2.72 
.84 

1.12 

1.04 


3.86 
2.26 
2.00 
1.78 
1.32 
1.06 


1.90 
.96 
2.54 
1.62 
1.20 
1.06 


2.53 
2.07 
2.01 
1.52 
1.10 
1.20 


2.02 
1.69 
2.42 
1.44 
1.32 
1.28 


2.85 
2.56 
2.26 
1.06 
1.01 
.76 


2.57 
1.82 
2.48 
1.74 
1.28 
1.52 


3.18 
2.26 


Second 
10  days 
in  water 


Per  cent 

0.43 

.43 

0 

0 


0 
0 
.21 
.21 
.44 
.44 


.21 
0 
.22 
.45 
.22 
.22 


.25 
.06 
.12 
.24 
.18 
.18 


.18 
.25 
.12 
.18 
.06 
.18 


.06 
.06 
.62 
.50 
.60 
.20 


.74 
.50 
.77 
.74 
.57 
.13 


1.06 
.60 


Third 
28  days 
in  water 


Per  cent 

0.64 

.65 

.43 

0 


1  A  mix  of  dry  consistency  gave  approximately  1-inch  slump,  a  mix  of  wet  consistency  gave  approximately  a  6-inch  slump. 


!  See  text. 
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and  the  depth  of  tar  penetration  and  time  required 
for  the  drying  of  each  specimen  recorded.  (Table  2, 
cohunns  9  and  10.)  Gain  in  weight  after  each  treat- 
ment indicated  the  quantity  of  tar  absorbed.  (Table 
2,  columns  7  and  8.)  The  same  procedure  was  fol- 
lowed in  the  surface  treatment,  except  that  the  samples 
were  painted  with  1,  2,  3,  and  4  coats  of  tar. 

The  results  of  the  tests,  given  in  Table  2,  indicate 
clearly  that  dry-mixed  mortar  and  concrete  (groups 
Nos.  1,  5,  9,  13,  and  17)  are  less  tar  absorbent  than 
similar  mixes  of  wet  consistency  (groups  Nos.  3,  7,  11, 
15,  and  19),  and  that  the  rate  of  penetration  as  indi- 
cated by  time  of  drying,  is  slower  in  the  dry  mixes  than 
in  the  wet.  This  may  be  attributed  to  less  complete 
hydration  in  the  former  with  correspondingly  lower 
colloidal  content  than  where  a  normal  quantity  of 
mixing  water  was  used.  It  will  be  observed  also  that 
the  tar  absorbed  by  concrete  (groups  Nos.  9,  11,  13, 
15,  17,  and  19)  increases  in  general  with  the  leanness 
of  the  mix,  as  previously  noted,  evidently  due  to  in- 
creased porosity.  Comparing  the  quantity  of  tar 
absorbed,  after  one-half  hour  immersion  by  concrete 
of  all  mi.xes  (samples  Nos.  33,  41,  49,  57,  65,  and  73) 
with  samples  of  similar  mixes  receiving  four  coats  of 
water-gas  tar  (sample  Nos.  40,  48,  56,  64,  72,  and  80), 
the  tests  indicate  that  appreciably  more  tar  has  been 
taken  up  by  the  immersed  specimens.  This  may  be 
explained  in  part  by  a  relatively  rapid  evaporation  of 
the  lighter  tar  constituents  when  painted  in  hot  weather 
over  a  large  exposed  surface  area. 

Considering  the  mortar  specimens  it  appears  from  the 
test  results  that  the  dry  mixes  (groups  Nos.  1,2,  5,  and 
6)  are  about  equally  absorbent,  but  when  of  wet  con- 
sistency (groups  Nos.  3,  4,  7,  and  8)  the  richer  mixes 
(group  Nos.  3  and  4)  are  the  more  absorbent. 

After  receiving  the  water-gas  tar  treatment  all 
samples  were  immersed  in  water  for  10  days  and  their 
gain  in  weight  determined  (column  11).  They  were 
then  allowed  to  dry  out  for  10  days  and  given  one 
coat  of  coal  tar  (TR-1-25)  and  again  immersed  in 
water  and  reweighed  after  10  and  28  day  periods.  The 
moisture  absorbed  is  indicated  in  columns  12  and  13. 
These  results  point  to  the  fact  that  four  coats  of  water- 
gas  tar  or  immersion  for  any  period  up  to  two  hours 
without  an  additional  seal  coat  of  coal  tar  are  insufh- 
cient  to  greatly  retard  the  ingress  of  water  into  con- 
crete under  the  above  test  conditions.  With  the  seal 
coat  of  coal  tar,  however,  the  quantity  of  moisture 
absorbed  after  28  days  averages  less  than  one-half  per 
cent  in  the  richer  mixes  (group  Nos.  1  to  16)  and  some- 
what over  1  per  cent  in  the  leaner  mi.xes  (group  Nos. 
17-20). 

The  residts  indicate  in  general  that  concrete  as  well 
as  mortar  of  dry  consistency,  although  less  tar  absorb- 
ent, is  fully  as  moisture  resistant  as  similar  mixes  of 
wet  consistency.  It  will  be  noticed  also  that  the 
penetration  (column  9)  is  about  the  same  for  samples 
immersed  for  one-half  hour  and  those  receiving  four 
coats  of  tar  while  the  water  absorption  (column  13)  is 
somewhat  less  in  the  painted  samples.  It  appears  from 
the  foregoing  that  concrete  exposed  to  the  action  of 
alkali  solutions  should  not  be  leaner  than  a  1:2:4  mix, 
and  should  be  protected  by  at  least  four  coats  of 
water-gas  tar  (equivalent  to  one-half  hour  immersion) 
and  one  seal  coat  of  heavv  coal  tar. 


FIELD  TESTS 

Supplementing  tlu;  laboratory  tests  it  was  decided 
to  obtain  information  regarding  the  quantity  of  tar 
absorbed  per  scpiare  yard  of  surface  (covering  capacity) 
when  applied  under  conditions  approximating  those 
met  with  on  structures  situated  above  water  level.  For 
this  purpose  concrete  slabs  (36  by  36  by  4  inches)  were 
made  with  Portland  cement,  and  Potomac  River  sand 
and  gravel  in  the  proportions  of  1:1^:3,  1:2:4,  and 
1:3:6,  and  cured  in  the  forms  for  two  and  seven  days 
under  damp  burlap.  Some  of  the  slabs  were  painted 
immediately  after  stripping  the  forms  while  others  were 
allowed  to  dry  out  for  7,  21,  and  S3  days  before  paint- 
ing. All  slabs  were  given  four  coats  of  water-gas  tar  at 
intervals  of  about  one  hour,  and  one  coat  of  coal  tar, 
in  some  cases  immediately  following  the  final  coat  of 
water-gas  tar  and  in  others  60  days  thereafter.  The 
quantity,  by  weight,  of  tar  absorbed  was  determined 
after  each  application,  and  the  covering  capacity  cal- 
culated from  the  weight  per  gallon  of  the  tars  employed 
(water-gas  tar  4,087  grams  and  coal  tar  4,738  grams). 

Table  3. —  Waier-gas  tar  and  coal  tar  absoj-bcd  by  concrete  shib^ 
36  by  3fi  by  4  inches 
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H 
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Gms. 

Gms. 

Gms. 

1 

1:11^:3 

48  hours  in  form. 

87 

75 

60 

.59 

1 

1  125 

0.069 

0.026 

2 

1:2:4 

do 

97 

64 

60 

63 

[     909 

{  130 

.069 

.028 

3 

1:3:6 

do... 

105 

91 

78 

70 

1 

I  165 

.084 

035 

4 

1:11/2:3 

48  hours  in  form, 

7  days  in  air... 

143 

105 

92 

70 

136 

.101 

029 

h 

1:2:4 

do 

160 

107 

86 

65 

.1,302 

{  139 

.  102 

.029 

6 

1:3:6 

do.. 

165 

108 

104 

97 

153 

.116 

032 

7 

1:11-2:3 

7  days  in  form... 

73 

58 

52 

.50 

924 

118 

.0,57 

.025 

K 

1:2:4 

do 

100 

107 

60 

,50 

<  120 

.079 

.025 

9 

1:3:6 

do 

111 

109 

83 

71 

137 

.092 

,029 

10 

l:l!ii:3 

7  days  in  form, 

7  days  in  air... 

75 

86 

63 

53 

1 

[■270 

.068 

.0.57 

11 

1:2:4 

do 

147 

109 

82 

64 

U,  163 

.^'290 

.098 

.061 

12 

1:3:6 

do... 

168 

125 

100 

91 

1 

|i288 

.119 

.061 

13 

1:1^:3 

7  days  in  form. 

21  days  in  air.. 

80 

72 

57 

38 

(1233 

.061 

.049 

14 

1:2:4 

do 

100 

80 

73 

72 

i     905 

-^1  225 

.079 

.048 

1.5 

1:3:6 

do. 

91 

88 

78 

76 

11245 

.083 

.0,53 

Ifi 

1:1^:3 

7  davs  in  form. 

83  days  in  air.. 

100 

65 

52 

30 

1 

189 

.061 

.040 

17 

1:2:4 

do 

115 

75 

62 

55 

}    925 

195 

.075 

.041 

18 

1:3:6 

do 

150 

86 

70 

65 

I  230 

.  091 

.049 

1  Coal  far  applied  60  days  after  water-gas  tar. 

The  results  given  in  Table  3  indicate  that  the 
quantity  of  tar  absorbed  increases  with  the  leanness  of 
the  mix  regardless  of  the  method  of  curing  and  is  great- 
est in  the  slabs  cured  for  7  days  in  air  after  remaining 
in  the  forms  either  48  hours  or  7  days.  (Slabs  Nos. 
4,  5,  6,  and  10,  11  and  12,  columns  8  and  10.) 

The  tests  indicate  also  that  appro.ximately  equal 
amounts  of  tar  are  absorbed  by  samples  painted  inmie- 
diately  after  removal  of  the  forms  (slabs  Nos.  1,  2,  and  3 
and  7,  8,  and  9,  column  8),  and  after  curing  for  21  and 
83  days  in  air  (slabs  Nos.  13  to  18,  column  8).  Esti- 
mated on  a  per-cent-by-weight  basis  it  will  be  seen 
that  these  samples  (tar  absorbed  taken  as  100  per  cent) 
have  taken  up  on  an  average  34.6  per  cent  less  water- 
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gas  tar  and  20.8  per  cent  less  coal  tar  than  those  cured 
for  7  days  in  air.  (Slabs  Nos.  4,  5,  6,  and  10,  11  and 
12,  column  8.) 

The  tests  indicate  a,  very  appreciable  increase  in  coal 
tar  absorption  where  the  slabs  are  allowed  to  dry  out 
for  (iO  days  after  the  water-gas  tar  treatment.  (Slabs 
Nos.  10  to  15,  column  9.)  Comparing  the  figures  given 
in  columns  10  and  11  it  will  be  seen  that  the  maximum 
absorption  for  coal  tar  was  at  the  rate  of  about  one- 
si.xteenth  gallon  per  square  yard  for  one  coat  on  1:2:4 
concrete  (slab  No.  11,  column  11),  while  that  for 
water-gas  tai'  was  about  one-eighth  gallon  for  four 
coats  on  1:3:0  concrete  cured  for  seven  days  in  the 
forms  and  seven   days  in  air  (slab  No.  12,  column  10). 

Figure  3  shows  slabs  painted  with  four  coats  of  water- 
gas  tar  and  one  coat  of  coal  tar  after  one  year  in  the 
open.  The  marked  penetration  of  the  seal  coats  in 
the  leaner  mixes  is  shown  by  the  faded  tones.  The 
leaner  mixes  received  the  heaviest  seal  coat  applications 
but  the  surface  condition  indicates  that  a  still  heavier 
application  might  have  been  used. 


IMMERSION    TREATMENT 

1.  For  precast  concrete  units. — The  forms  shall  be  removed 
and  concrete  cured  as  may  be  directed  by  the  engineer,  or  as 
may  be  required  by  the  specifications  governing  the  work. 
After  the  required  curing  period  the  concrete  shall  be  allowed 
to  dry  out  for  at  least  10  days  before  the  application  of  the 
protective  coatings.  The  precast  units  shall  then  be  com- 
pletely immersed  in  imheated  water-gas  tar,  grade  TW-l-X, 
and  allowed  to  remain  in  the  bath  for  a  period  of  at  least  thirty 
mintites.  They  shall  then  be  removed  from  the  bath  and  allowed 
to  drain  and  dry  thoroughly,  after  which  a  seal  coat  of  coal  tar, 
grade  TW-1~25,  shall  be  applied  at  a  temperature  of  about  80°  F. 
and  thoroughly  brushed  into  all  surfaces.  The  seal  coat  shall 
be  allowed  to  dry  for  at  least  four  days  or  as  long  as  necessary 
to  harden  properly  before  handling. 

STRUCTURES  TREATED  WITH  WATER-GAS  AND  COAL  TAR5 

Pier  of  bridge  over  ArJcansas  River,  Cowley  County, 
Kans. — While  the  treatment  described  in  the  fore- 
going pages  is  still  in  an  experimental  stage,  numerous 
structures  exposed  to  the  action  of  alkali  of  sea  water 
have  been  successfully  treated  both  above  and  below 
water    line.     As    a    typical    example    of    under-water 


Fig.  .3. — Slabs  P.\inted  With  Four  Coats  of  Water-Gas  Tar  and  One  Coat  of  Coal  Tar  After  One  Year  in  thk 
Open.     The  Marked  PENrarRATioN  of  the  Seal  Coats  in  the  Leaner  Mixes  is  Shown  by  the  Faded  Tones 


APPLICATION  OF  TAR 

Owing  to  the  varying  conditions  under  which  the 
tar  may  be  applied  to  structures  both  above  and  below 
water  level  the  following  directions  for  application  are 
recommended : 

brush    TREATMENT 

1.  For  cast-in-place  concrete  above  water  level  and  for  precast 
concrete  iinits. — The  forms  shall  be  removed  and  concrete  cured 
as  may  be  directed  by  the  engineer  or  as  may  be  recjuired  by  the 
specifications  governing  the  work.  After  removal  of  the  forms 
and  curing,  the  concrete  shall  be  allowed  to  dry  for  at  least  10 
days  before  the  application  of  the  protective  coatings.  The 
concrete  shall  then  be  thoroughly  coated  with  at  least  four  coats 
of  water-gas  tar,  grade  TW-l-X,  applied  cold  with  a  brush  or 
spray  and  each  coat  shall  be  absorbed  before  the  succeeding 
coat  is  applied.  After  the  absorption  of  the  final  coat,  a  seal 
coat  of  coal  tar,  grade  TR-1-25,  shall  be  applied,  preferably  at 
a  temperature  of  about  80°  F.  and  thoroughly  brushed  into  all 
surfaces.  The  seal  coat  shall  be  allowed  to  dry  for  at  least  four 
days,  or  as  long  as  necessary  to  harden  properly  before  handling. 

2.  For  cast-in-place  concrete  below  water  level. — The  concrete 
shall  be  cured  in  the  forms  for  at  least  48  hours  and  allowed  to 
dry  for  at  least  five  days  after  stripping  the  forms.  It  shall 
then  be  thoroughly  coated  with  at  least  four  coats  of  water-gas 
tar,  grade  TW-l-X,  applied  cold  with  a  brush  or  spray,  allow- 
ing each  coat  to  be  absorbed  before  the  succeeding  one  is  applied. 
After  the  absorption  of  the  final  coat  a  seal  coat  of  coal  tar, 
grade  TR-1-25,  shall  be  applied  at  a  temperature  of  about 
80°  F.  and  thoroughly  brushed  into  all  surfaces.  The  seal  coat 
shall  be  allowed  to  dry  for  at  least  24  hours  before  water  is 
permitted  to  come  in  contact  with  it. 


treatment  may  be  cited  the  case  of  a  bridge  pier  in 
Cowdey  County,  Kans.,  reported  by  T.  J.  Lough, 
materials  engineer,  Bureati  of  Public  Roads,  District 
No.  5.  The  schedule  of  treatment  as  compiled  from 
Mr.  Lough's  report  is  given  in  Table  4. 

Table  4. — Schedule  of  treatment  of  bridge  over  Arkansas  River, 

Kans. 


Date 

Treatment 

Time 

re- 
quired 

for 
appli- 
cation 

Num- 
ber of 
men 

re- 
quired 

for 
appli- 
cation 

Man- 
hours 
per  100 
square 
feet 

Time 
allowed 

for 
drying 

Tar 
applied 
on  49.5 
square 
yards 

Hate 
of  ap- 
plica- 
tion 
per 
square 
yard 

1926 
June  28 

Cofferdam  un- 
watered . 

First  coat  water- 
gas  tar. 

Second  coat  water- 
gas  tar. 

Third  coat  water- 
gas  tar. 

Fourth  coat  water- 
gas  tar. 

One  coat  coal  tar 

Five  coats 

Hours 

H.  m. 

Hours 
51 

33'^ 

13M 

8 

13V6 

24 

Gallons 

Gallon 

June  30 

Do 

July  1 

July  2 

Julys 

1 
2 
2 
1 
2 

0    34 
0    34 
0    34 
0     17 
0    31 

4.8 
3.0 
2.2 
1.6 
2.24 

0.097 
.060 
.044 
.032 
.045 

Total... 

7A 

2    30 

1I4A 

13.84 

(')   ■ 

'Water-gas  tar  0;233  gallon,  coal  tar  0.045  gallon. 
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The  purpose  of  the  treatment  was  to  protect  the 
concrete  from  Uie  action  of  alkali  water  of  the  Arkansas 
River.  (See  fig.  4.)  The  treatment  consisted  in  apply- 
ing successive  coats  of  water-gas  tar  (grade  TW-l-X) 
and  one  coat  of  coal  tar  (grade  TW-1-25)  to  pier  No.  1 
of  the  bridge,  2.75  feet  above  and  below  water  level, 
the  treated  band  having  an  area  of  49.5  square  yards. 

It  ^yas  carried  out  under  very  favorable  weather 
conditions,  temperature  ranging  from  68°  to  96°  F. 
and  a  bright  sun  and  light  breeze  persisting  throughout 
the  days  of  treatment. 

The  concrete  was  fabricated  of  one  part  cement,  two 
parts  of  fine  Arkansas  River  sand,  and  approximately 
three  and  one-half  parts  of  clean,  washed  flint  gravel, 
and  was  two  months  old  when  treated. 

DESCRIPTION  OF  WORK 

Pumping  units. — Two  pumping  units,  were  employed 
to  unvyater  the  cofferdam.  This  was  to  preclude  the 
possibility  of  water  reaching  the  concrete  under  treat- 
ment should  one  pump  break  down.  No  difficulty  was 
experienced  in  holding  the  cofferdam  dry. 

Condition  of  concrete. — At  the  time  of  applying  the 
initial  coat  of  water-gas  tar  the  concrete  appeared  to 
be  dry  and  in  a  satisfactory  condition  to  receive  the 
tar.  The  concrete  was  wire-brushed  immediately 
prior  to  the  application  to  remove  a  film  of  water- 
deposited  impurities. 

Rate  of  absorption. — Where  exposed  to  the  sun's  rays 
and  the  breeze  the  initial  coat  penetrated  rapidly. 
On  shaded  areas  the  al)soi-ption  proceeded  more  slowly. 
The  penetration  was  not  uniform,  indicating  variations 
in  the  density  of  the  concrete.  On  the  web  of  the  pier, 
the  concrete  of  which  had  received  the  most  spading, 
absorption  proceeded  at  the  slowest  rate. 

A  decreasing  rate  of  absorption  of  the  successive  coats 
was  noted,  requiring  increasing  time  intervals  between 
the  successive  applications.  The  priming  coat  had 
been  fully  absorbed  when  the  second  coat  was  ai)plied. 
Small  areas  had  not  been  fully  penetrated  when  the 
third  coat  was  applied  and  slightly  larger  areas  had  not 
been  completely  penetrated  at  the  time  of  placing  the 
fourth  coat.  Considerable  areas  of  the  fourth  coat  were 
sticky  and  not  entirely  absorbed  when  the  coal-tar  seal 
coat  was  applied,  indicating  that  the  saturation  point 
was  approached.  Postponement  of  the  seal  coat 
application  to  permit  possible  additional  penetration 
of  the  water-gas  tar  was  considered  unwarranted. 

Application. — No  difficulty  was  experienced  in  apply- 
ing the  tars  with  ordinary  calcimine  brushes.  The  seal 
coat  was  spread  out  as  thin  as  practicable  and  was 
applied  cold,  heating  not  being  necessaiy.  The  prox- 
imity of  the  cofferdam  to  the  concrete  with  resultant 
resti'icted  working  space  somewhat  handicapped  the 
woi'kmen  in  appyling  the  tar,  but  a  workman  of  average 
ability  should  be  able  to  apply  a  coat  of  either  kind  of 
tar  at  the  rate  of  25  square  yards  per  hour. 

Penetration. — Immediately  prior  to  the  application 
of  the  seal  coat  a  number  of  holes  were  drilled  through 
the  water-gas  tar  coats  and  the  depth  of  penetration 
was  found  to  average  one-eighth  inch. 

Cost. — The  cost  of  the  entire  operation  was  as  follows: 
(1)  Moving  pumps,  $15.83;  (2)  pumping,  $177.94;  (3) 
cleaning   surface,   $5.35;    (4)   cost  of   tars,   $5.60;    (5) 


total,   $215.53,   or  $0,484   per 


applying   tars,   $10.81 
square  foot  of  surface. 

Summary  and  conclusions.— The  following  conclu- 
sions rnay  be  considered  as  applying  to  treatment  under 
conditions  similar  to  those  described: 

1.  Duplicate  pumping  units  are  essential. 

2.  Given  favorable  weather  a  48-hour  initial  drying 
period  for  the  concrete  is  sufficient. 

3.  Rate  of  absorption  is  affected  both  by  density  of 
concrete  and  exposure  to  sun  and  wind. 

4.  As  each  coat  of  water-gas  tar  is  less  rapidlv  ab- 
sorbed than  the  preceding  one,  the  time  intervals 
between  applications  should  be  correspondingly  in- 
creased, so  far  as  the  working  day  and  a  reasonable 
total  period  of  treatment  will  permit. 

5.  A  workman  of  average  ability  should  be  al:)le  to 
apply  a  coat  of  either  kind  of  tar  at  the  rate  of  25 
square  yards  per 
hour. 

6.  Approximately 
2.5  gallons  of  water- 
gas  tar  per  100 
square  feet  of  surface 
are  required  for  four 
applications;  and  one 
application  of  coal 
tar  in  the  amount  of 
0.50  gallon  per  100 
square  feet. 

7.  The  average 
penetration  of  the 
water-gas  tar  at  the 
time  of  applying  the 
seal  coat  will  be  ap- 
proximately one- 
eighth  inch. 

8.  Absorption  of 
more  than  four  coats 
of  water-gas  tar  is 
not  obtainable  with- 
out extending  tlie 
treating  period. 

9.  The  concrete 
must  be  held  in  the 
dry  for  five  days  to 
permit  satisfactory 
treatment. 

10.  The  efhcacy  of  the  treatment  can  only  be  de- 
termined after  a  considerable  lapse  of  time,  and  then 
only  by  comparing  the  condition  of  untreated  (H)ncrete 
masonry  exposed  to  the  same  stream. 

Comparing  the  tar  treatment  described  in  the  fore- 
going report  with  that  of  the  slabs.  Table  4  shows  that 
the  four  coats  of  water-gas  tar  were  applied  to  the 
bridge  pier  at  the  rate  of  about  one-fourth  gallon  per 
square  yard  of  surface,  whereas  the  slabs  of  a  similar 
mix  cured  for  one  and  three  months  in  air  absorbed  the 
tar  at  the  rate  of  about  one-thirteenth  of  a  gallon  pei- 
square  yard.  (Table  3,  slab  Nos.  14  and  17.)  The  coal 
tar  was  applied  at  approximately  the  same  rate  on  both 
slabs  and  pier  (about  one-twentieth  of  a  gallon  per 
square  yard).  From  these  results  it  is  evident  that  the 
quantity  of  tar  absorbed  by  concrete  of  the  same  age  and 
consistency  may  vary  considerably,  depending  upon 
local  weather  conditions  and  manner  of  application. 


Fig.  4. — Application  of  Tar  to  Piek 
OF  Arkansas  River  BRiDciE,  Cow- 
ley County,  Kans. 
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Other  structures  receiving  the  tar  treatment  have 
been  reported  as  follows: 

Abutments  and  pierft  of  bridge  over  the  Arhinsas  River, 
near  Ford,  Kansas  (F.  A.  P.  No.  236-A.  Dist.  No.  5).— 
The  area  treated  was  2,489  square  feet  on  two  abut- 
ments and  six  piers,  '^  feet  above  and  3  feet  below  low 
water  line.  After  unwatering  the  cofferdam  the  ma- 
sonry was  allow(Ml  to  dry  out  for  four  or  five  days  and 
the  area  to  be  treated  was  thorouglily  cleaned  with  a 
stiff  wire  brush.  The  treatment  consisted  of  six  coats 
of  water-gas  tar  and  one  (^oat  of  coal  tar  conforming  to 
the  provisional  specifications  of  the  Bureau  of  Public 
Roads.  A  coat  of  water-gas  tar  was  applied  by  going 
completely  around  the  pier  or  abutment  and  ending 
at  tlie  point  of  beginning.  At  the  completion  of  the 
first  coat  the  tar  that  had  first  been  applied  was  dry 
enough  to  receive  the  second  coat.  About  two  hours 
elapsed  between  the  application  of  the  second  and  third 
coats.  The  third  coat  was  allowed  to  dry  for  four  or 
five  hours  before  placing  the  fourth  coat.  After  drying 
out  over  night  the  fiftli  coat  was  applied  and  in  the 
afternoon  of  the  second  day  the  sixth  coat  was  put  on. 

The  seal  coat  of  coal  tar  was  usually  placed  later  in 
the  afternoon  of  the  second  day,  a  swab  being  used 
instead  of  the  brush  used  to  apply  the  water-gas  tar. 
It  was  found  that  two  men  could  finish  a  pier  or  abut- 
ment in  two  (lavs. 


it^- 


Fig.  5. — Treated  Concrete  Piles,  Santa   Maria   River 
Bridge  Near  Santa  Maria,  Calif. 

The  rate  of  application  was  about  one-third  gallon 
of  water-gas  tar  ])er  square  yard  of  surface  and  slightly 
over  one-tenth  gallon  of  coal  tar.  The  approximate  cost 
of  treatment  including  pumping,  labor,  fuel,  oil  and 
tars  was  $540,  or  about  22  cents  per  square  foot. 

Coast  Highvmy  Bridge  over  North  Channel,  Santa 
Maria,  River,  about  2  miles  north  of  Santa  Maria,  San 
Luis  Obispo  Co.,  Calif.  {F.  A.  P.  25- C).— The  treatment 
of  piles  supporting  the  bridge  girders  consisted  of  two 
coats  of  water-gas  tar  applied  before  driving  and  two 
additional  coats  after  driving  covering  the  exposed 
portion  and  extending  two  feet  below  the  normal  ground 
line.  The  bed  of  the  stream  was  dry  and  there  was  no 
difficulty  in  excavating  around  the  piles  to  a  depth  of 
two  feet.  The  application  was  made  with  calcimine 
brushes.  A  stream  of  tar  from  the  spout  of  a  watering 
pot  was  run  along  the  top  surface  of  the  pile  as  it  lay 
on  one  of  its  sides  and  this  was  brushed  into  the  top 
and  sides,  giving  an  especially  thick  coating  on  the  top. 
The  pile  was  later  turned  through  180  degrees  and  the 
fourth  side  was  treated,  as  well  as  the  two  vertical 
sides  where  additional  tar  could  be  absorbed.  The 
piles  had  dried  out  after  curing  for  more  than  a  month 


so  the  tar  absorption  was  rapid.  The  tar  was  used  at  a 
rate  of  13^  gallons  per  100  square  feet.  The  depth  of 
penetration  was  about  one-eighth  inch,  or  as  much  as 
might  be  expected  from  three  or  four  applications  within 
a  few  days. 

Reinforced  concrete  viaduct  between  Wilmington  and, 
Long  Beach,  Calif.,  over  part  of  the  west  basin  of  Los 
Angeles  harbor. — The  treatment  was  here  given  to 
concrete  footings  and  extended  from  the  ground  surface 
to  two  feet  below  permanent  low  water  level.  It  con- 
sisted in  applying  about  six  coats  of  water-gas  tar  fol- 
lowed by  a  seal  coat  of  coal-tar  pitch,  at  a  cost,  mcluding 
labor,  of  43  cents  per  100  square  feet  for  the  water-gas 
tar  and  96  cents  for  the  coal  tar.  The  concrete  was  a 
1:3:5  mix,  and  although  the  penetration  of  the  tar  did 
not  exceed  one-eighth  inch  it  was  felt  that  an  excellent 
waterproof  condition  had  been  obtained. 

St.  Marys  River  Bridge,  Camden- Nassau  Cos.,  Fla.- 
Ga.  (F.  A.  P.  421). — The  parts  treated  were  the  backs 
of  abutments  from  top  of  footing  to  top  of  embankment, 
the  faces  of  abutments  from  top  of  footing  to  an  eleva- 
tion 3  feet  above  high  tide,  the  reinforced  piers  from 
top  of  footing  to  3  feet  above  high  tide,  the  under- 
sides of  slabs  and  girders  and  the  sides  of  girders  of  the 
concrete  approaches  unexposed  to  view. 

The  treatment  consisted  of  ten  coats  of  water-gas  tar 
(grade  TW-1~X)  uniformly  applied  with  a  brush  in 
ten  separate  applications  at  intervals  of  2  hours  each, 
the  first  application  l)eing  made  immediately  upon  the 
removal  of  the  forms,  or  as  soon  thereafter  as  the  con- 
crete became  sufficiently  dry  to  receive  and  hold  it. 

Morehead  City-Beaufort  Bridge,  Carteret  County, 
N.  C.  {F.  A.  P.  64-A  Reo.).— The  treatment  consisted 
of  four  coats  of  water-gas  tar  and  one  seal  coat  of  coal 
tar  on  bascule  pier  shafts  and  concrete  piles. 

The  concrete  of  tlie  four  pier  shafts  consisted  of  one 
part  cement,  two  parts  of  clean  bank  sand  and  four 
parts  of  washed  flint  gi'avel,  graded  M  to  13^  inches. 
The  piles  were  fabricated  of  one  part  cement,  one  and 
one-half  parts  sand  and  three  parts  gravel,  graded  3^ 
to  ^  inch  in  size. 

The  treatment  of  the  shafts  extended  from  6  feet 
above  to  6  feet  below  mean  water  level.  The  tars 
were  applied  very  effectively  with  calcimine  brushes 
with  very  long  handles  as  the  cofferdams  were  too 
close  to  the  shafts  to  permit  free  working  conditions 
around  the  pier. 

The  concrete  was  dry  and  clean  when  the  tar  was 
applied,  and  the  rate  of  absorption  was  reasonably 
uniform  except  where  the  concrete  had  taken  up  resin 
from  the  boards.  These  places  stood  out  prominently 
and  the  absorption  was  very  slow. 

Each  successive  coat  showed  decreasing  absorption 
and  thus  required  longer  intervals  between  applica- 
tions, but  in  no  case  was  the  time  required  for  the 
penetration  of  a  coat  more  than  one  hour  and  15 
minutes.  Small  areas  were  not  completely  dry  when 
the  fourth  and  fifth  coats  were  applied. 

Under  conditions  similar  to  the  above  one  man 
should  apply  270  square  feet  per  hour  of  the  first  coat, 
315  square  feet  per  liour  of  the  second,  third,  and 
fourth  coats,  and  210  square  feet  per  hour  of  the  seal 
coat. 

The  quantity  of  tar  used  on  this  project  per  100 
square  feet  of  surface  was  2.95  gallons  of  water-gas  tar 
and  1.10  gallons  of  coal  tar.  The  method  of  treat- 
ment appears  satisfactory  and  is  recommended. 

(Continued  on  page  119) 


STATIC  AND  IMPACT  LOADS  TRANSMITTED  TO 

CULVERTS' 

DIGEST  OF  REPORT  ON  EXPERIMENTAL  DETERMINATIONS  AT  IOWA  EXPERIMENT  STATION 


2  =  Summation  of  pressure  transmitted  to  each  small 
unit  area  of  the  top  of  the  test  section  of  culvert. 
/'  =  The  intensity  of  vertical  pressure  per  unit  of  area 
due  to  T  at  the  center  of  any  small  unit  area,  a 
of  the  top  area  of  the  test  section. 
a  =  Area  of  each  of  the  small  equal  units  into  which 
the  horizontal  top  area  of  the  test  section  of 
the   culvert   must   be   divided   for   summation 
purposes. 
//=  Height  of  embankment  above  top  of  the  culvert. 
^^  =  Slant  height  direct  from  the  point  at  which  T  is 
applied    to    the   center  of    the   particular   unit 
ai-ea  a  for  which  calculation  is  being  made. 
The  work  with  static  concentrated  loads  was  con- 
confined    to    determining    the    applicability    of    these 
formulas  which  were  found  to  apply  with  a  satisfactory 
degree  of  closeness. 


H. 


SECTION  NUMBERS  Q 
NORTH  :  SOUTH 


Experimental  determinations  of  static  and  impact 
loads  on  highway  culverts  have  resulted  in  data  which 
can  be  directly  applied  in  culvert  design.  The  experi- 
ments have  been  carried  on  at  the  Iowa  Engmeering 
Experiment  Station  in  cooperation  with  the  United 
States  Bureau  of  Public  Roads.  They  have  shown  that 
a  formula  to  determine  the  pressure  on  a  culvert 
resultiTig  from  a  concentrated  load  on  the  fill  above  it 
can  be  used  to  determine  the  maximum  obtainable 
transmitted  load.  For  fills  of  5  feet  and  less  the  eff"ect 
of  concentrated  superimposed  loads  is  appreciable, 
but  for  fills  greater  than  5  feet  and  widths  of  culverts 
not  greater  than  3K  feet  the  effect  of  ordinary  truck 
loadings  may  be  ignored.  Moving  loads  may  result 
in  a  pressure  on  the  culvert  nmch  greater  than  similar 
static  loads.  It  is  believed  that  an  increase  of  50  to 
100  per  cent  over  the  calculated  static  load  effect  is 
sufficient  to  take  care  of  the  impact  produced  by 
moving  trucks  up  to  speeds  of  10  miles  per  hour. 

The  general  program  of  culvert  investigations  has 
included  work  with  earth  embankments  and  the  theory 
of  loads  on  culverts  which  has  been  or  will  be  reported 
in  experiment  station  bulletins. - 

LAW  GOVERNING  PRESSURE  ON   CULVERT  FROM   CONCENTRATED 
LOAD  AT  TOP  OF  FILL  INVESTIGATED 

The  work  with  static  loads  was  an  attempt  to  dis- 
cover the  law  governing  the  transmission  of  loads  to 
culvert  tops  from  static  concentrated  loads,  such  as 
wheel  loads  when  the  wheels  are  applied  on  the  surface 
of  the  fill  at  a  distance,  H,  above  the  top  surface  of  the 
culvert.     So  far  as  known  J.  H.  Griffith  was  the  first 

3    W 

to  suggest^  that  the  formula,  P  =  k'TikT  Csee  below 

for  notation)  would  apply  to  masses  of  earth  as  in  this 
case.  This  formula  was  derived  long  ago  by  Boussinescj  * 
in  his  theoretical  work  on  stresses  in  elastic  solids. 
In  the  case  of  an  infinite  elastic  solid  bounded  by  a 
plane  he  worked  out  the  eftect  of  a  concentrated  normal 

force  applied  at  a  point  on  the  surface,  calculating  the  usedTn  the  test.  Culvert  pipe  sections  2  feet  in  length 
stress  distribution  and  displacements  at  difterent  and  3H  feet  outside  diameter  were  placed  beneath  a 
points  in  the  solid.  gravel  fill  weighing  from  125  to  140  pounds  per  cubic 

The  formula  shown  is  a  part  of  the  solution  of  the  foot.  This  gravel  was  used  as  taken  from  the  pit  and 
general  problem  of  finding  the  stresses  due  to  a  force  contained  a  high  percentage  of  clay.  A  sieve  analysis 
T  applied  normal  to  an  infinite  plane  bounding  an  showed  about  30  per  cent  retained  on  a  ^-inch  sieve, 
elastic  solid.     The  general  formula  is: 


Fig.  1. — Showing  Arrangement  of  Apparatus  for 
Measuring  Pressure  on  Culvert.  The  Impact  Re- 
cording Instrument  and  the  Spring  Attached  to 
Balance  Beam  Was  Used  Only  in  the  Impact  Tests 

Figure  1  shows  the  general  arrangement  of  apparatus 


ITi  =  ~i~'  in  which  Ci  =  ^'^ 
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Pipe  sections  No.  2  north  and  No.  2  south  (see  fig.  1 )  were 

selected  for  measurement  of  transmitted  wheel  loads  and 

T,   where    each  equipped  with  a  lever  and  platform  scale  weighing 

device.    The  weight  of  a  culvert  section  is  transmitted  to 

!r=  Total  concentrated  load  applied  at  one  point  on    the  weighing  beam  6  inches  from  the  fixed-end  knife- 

the  surface  of  the  embankment.  edge  support.    The  other  end  of  the  weighing  beam  rests 

Wt  =  Th.e  total  corresponding  load,  per  unit  of  length,    on  platform  scales  11  feet  from  the  fixed  end.     Differ- 

transmitted  to  the  top  area  of  the  test  section,    ences  in  scale  readings  due  to  applied  wheel  loads  were 

?  =  Length  of  the  test  section  of  culvert.  therefore  multiplied  by  23  to  give  the  difi'erence  in  load 

Ci  =  A  calculated  coefficient  of  transmitted  load.  on  the  culvert  section.     A  3-ton  truck  loaded  with  vari- 

ous  amounts  of  gravel  was  used  for  loading.     The  axle 

'  The  full  report  is  contained  in  Iowa  Engineering  Experiment  Station  Bui.  79,  „r>„„;r,o.  ^.f  fU',^  tT'iirk  WAS  131%  fppf  ond  the  wheel  SraSTe 
Experimental  Determinations  of  Static  and  Impact  Loads  Transmitted  to  Culverts,  SpaClUg  01  lUlS  11U(  K  \V  ab  lO  /2  leet  ami  liil  vv  iiet-i  f,ii^c 
by  M.  G.  Spangler,  Clyde  Mason  and  Rohky  Winfrey.  5  feet  lOj^  incheS.        1  he  tire  equipment  COnSlSteCl  01  40 

3  Report of'subcoSmu1e?onTe1>r!ng^vau^^^^^^^^  Proc.  Am.  s.  of  c.  E.  Aug.,  by  6  luch  siugle-trcad,  solid  tircs  on  the  front  whcels  and 
1920  vol  49  p.  931.  „,    ^.  ,„,.,,,  ^  _   .    ,^„,  „„  „,  „«  40  bv  6  inch  dual-tread  solid  tires  on  the  rear  wheels. 

' 'Application  des  Potentiels,"  by  M.  J.  Boussmesq,  Pans,  1885,  pp.  65-66.  ^^    "J    "   ^"'-"^ 

57503—27 2  ^^-^ 
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FIVE  SERIES  OF  STATIC  TESTS  MADE 

The  field  work  with  static  loads  is  classified  into 
series  A,  B,  C,  I),  and  E.  Each  series  represents  data 
taken  under  different  conditions  of  fill,  apparatus,  and 
time  intervals.  Series,  A,  B,  and  C  were  run  with  the 
emhankment  material  wholly  in  contact  with  the  pipe, 
so  that  the  arrangement  was  similar  to  a  field  installa- 
tion of  a  circular  culvert  having  the  same  projection 
condition.  In  series  D  and  E  this  arrangement  was 
modified,  as  explained  later. 

Static  load  series  A. — Series  A  is  a  set  of  readings 
taken  with  heights  of  fill  on  the  culvert  of  24,  18,  12, 
and  6  inches  with  the  truck  body  empty  and  conse- 
quently a  relatively  light  load.  The  truck  was  run 
onto  the  culvert  and  stopped  with  one  rearwheel  directly 
over  section  2,  south,  standmg  in  this  position  for  a 
few  minutes  only.  This  placed  the  other  rear  wheel 
within  1.5  inches  of  being  directly  over  the  center  of 
section  2,  north.  The  scale  readings  for  both  sections 
were  noted  while  the  truck  stood  over  the  culvert. 
These  scales  were  read  again  after  the  truck  was  re- 
moved and  the  additional  load  on  the  2-foot  section 
calculated. 

Static  load  series  B. — The  readings  for  series  B  were 
obtained  in  exactly  the  same  manner  as  those  of  series 

A,  except  that  a  heavier  load  was  used  on  the  truck  and 
the  heights  of  fill  ranged  upward  in  the  order  of  6,  12, 
18,  and  24  inches. 

Static  load  series  C. — For  each  of  the  runs  hi  series  A 
and  B  the  truck  was  allowed  to  stand  over  the  culvert 
for  only  the  few  minutes  necessary  to  take  the  scale 
readings.  In  order  that  the  effect  of  time  on  the  trans- 
mitted load  might  be  observed,  series  C  was  conducted, 
in  which  the  truck  was  placed  over  the  culvert  and 
allowed  to  stand  over  night,  or  about  15  hours.  This 
series  was  run  in  connection  with  the  impact  work; 
that  is,  impact  runs  were  made  during  the  day  and  the 
truck  allowed  to  stand  on  the  culvert  at  night  for  obser- 
vation of  static  load  distribution. 

Static  load  series  D. — As  indicated  above,  Series  A, 

B,  and  C  were  conducted,  using  a  circular  culvert 
section.  After  these  were  completed  it  seemed  desir- 
able to  study  the  load  on  a  section  having  a  flat  top 
which  would  fulfill  the  conditions  encountered  in  the 
case  of  a  rectangular  box  culvert  where  the  fill  is  of 
equal  depth  at  all  points.  Accordingly,  a  platform 
of  the  same  area  as  the  projection  of  the  circular  culvert 
section  on  a  horizontal  plane  was  constructed  and  made 
to  rest  upon  the  circular  section. 

Static  load  series  E. — Following,  series  D  the  gravel 
fill  was  removed  down  to  the  top  of  the  platform  and 
an  attempt  -was  made  to  calibrate  the  apparatus  by 
placing  weights  on  the  flat  top  and  noting  the  readmgs 
on  the  scales.  It  was  found  during  this  work  that 
when  the  gravel  fill  was  in  contact  with  the  sides  of  the 
platform  placed  on  top  of  the  culvert  it  was  not  possible 
to  check  the  calculated  mechanical  advantage  of  the 
lever  system.  When  the  gravel  was  removed  to  a 
depth  equal  to  nine-tenths  of  the  vertical  diameter, 
however,  this  mechanical  advantage  ratio  could  be 
checked  very  closely.  This  fact  indicated  that  the 
gravel  in  contact  with  the  culvert  section  actually 
helped  to  support  it  when  a  superimposed  load  was 
applied,  and  that  the  total  load  transmitted  to  the 
flat  platform  was  not  recorded  on  the  scale. 

To  eliminate  this  probable  friction  support,  a  crib 
was  designed  and  built  which  prevented  the  gravel  from 


coming  in  contact  with  the  sides  of  the  culvert.  This 
crib  consisted  of  2  by  6  inch  planking  placed  parallel 
to  the  longitudinal  axis  of  the  culvert  and  achored  back 
into  the  fill  in  such  manner  as  to  be  free  to  move 
vertically  and  still  not  come  in  contact  with  the  culvert. 
The  planks  were  spaced  vertically  with  about  1  inch 
between  them  and  these  openings  flashed  with  tin. 
Figue  2  shows  a  sketch  of  this  arrangement. 

Series  E  was  run,  using  the  above  apparatus  and  was 
carried  up  to  the  6-foot  level  beginning  at  the  6-inch 
level.  The  truck  was  allowed  to  stand  on  the  section 
for  a  few  minutes  only.  In  the  earlier  series  consider- 
able trouble  was  experienced  in  maintaining  the  exact 
height  from  the  truck  tire  to  the  culvert  surface  which 
was  deshed.  That  is,  if  readings  were  being  taken  at 
the  12-inch  level,  the  tires  would  cut  into  the  gravel  to 
such  an  extent  that  this  distance  might  be  reduced  as 
much  as  25  per  cent.  Since  the  vertical  distance  from 
tire  to  top  of  culvert  is  an  important  factor  affecting 
the  distribution  of  the  load,  a  reading  was  taken  by 
means  of  an  engineer's  level  and  rod  on  the  truck  wheel 
for  each  run  of  series  E,  so  that  this  vertical  distance 
was  measured  exactly. 

During  the  progress  of  this  series,  difficulty  was 
encountered  at  about  the  3-foot  level,  which  necessi- 
tated removing  gravel  down  to  the  platform  and  then 
replacing  it  before  continuing  the  tests.     The  opening 
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Fig.  2. — Showing  Appa- 
ratus In.stalled  to 
Prevent  Friction  Be- 
tween Gravel  Fill 
AND  Sides  of  Culvert 


between  the  bottom  of  the  platform  and  the  top  of 
the  cribbmg  had  been  flashed  with  canvas  instead  of 
tin.  As  the  fill  increased  and  the  cril)  planks  gradually 
settled  downward,  the  horizontal  pressure  of  the  gravel 
forced  the  canvas  to  bulge  in  and  to  afl'ord  some  support 
to  the  platform.  With  this  condition  the  total  load  be- 
ing received  by  the  platform  was  not  being  indicated  on 
the  scales,  so  the  rib  flashings  were  changed  to  tin 
before  readings  were  continued.  This  condition  un- 
doubtedly existed  to  a  much  less  degree  at  the  levels 
of  2  feet  and  below,  but  the  effect  of  load  transmitted 
fell  off  rapidly  at  the  3-foot  level  so  that  an  examination 
of  the  apparatus  was  made  and  the  above  trouble 
discovered. 

Table  1  shows  the  distribution  of  truck  weights  for 
the  static  load  series. 

Table   1. — DistribiiHon  nf  truck  weights  for  static  load  series 


Static  series 

Height  of 
fill 

Gross 
weight 

Weight 
on  rear 
wheels 

Weight 
on  front 
wheels 

A 

Feet 
0. 6-2. 0 

.5-2.0 
2. 0-6. 0 

.5-2.0 
3.0-6.0 

Pounds 
11,010 
13,  380 
16,  160 
10,  570 
11,010 

Pounds 
6.590 
8,700 
11,290 
6,320 
6,590 

Pounds 
4,420 

B 

4,680 

C 

4,870 

D 

4,250 

E 

4,420 
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Table  2. — Results  of  dalic  load  tests 


Height 
of  fill 

Weight 

on  one 

rear 

wheel 

Section  2,  south 

Section  2,  north 

Series 

Load  on 
culvert 
section  ' 

Percent- 
age of 
wheel 
load 

Load  on 
culvert 
section  ' 

Percent- 
age of 
wheel 
load 

A             

Feet 
f        2 

VA 

1 

14 
Vi 

1 
\Vi 

2 
2 
3 
4 
5 
6 

Vi 

1 

Wi 

2 
\4 

1 

VA 

2 
3 

4 

5 

I        6 

Ptmnis 
3,  295 

4, 350 

■      5, 645 

3,  295 
3,160 
3,295 

Pmmis 

695 

1.029 

1.465 

1.976 

2.  721 

2.045 

1,309 

975 

1,127 

805 

{          736 

529 

I          644 

f       2, 339 

1,579 

1,044 

I          561 

2,926 

1       2, 491 

1       1,748 

1,217 

590 

432 

209 

200 

Per  cent 
21.06 
31.12 
44.47 
60.08 
62.55 
47.02 
30.09 
22.44 
20.0 
14.3 
13.1 
9.8 
11.4 
71.0 
48.3 
31.7 
17.1 
92.7 
78.8 
55.3 
38.5 
17.9 
13.2 
6.4 
6.1 

Pounds 

734 

922 

1,504 

1,798 

2,762 

1,923 

1,398 

925 

1,449 

713 

Per  cent 
22.24 

27.97 

B                    

45.  62 
54.55 
63.53 
44.23 

C  2                          

32. 15 
21.24 
25.7 
12.6 

368 
506 

6.5 
9.0 

E      - -- 

1 

'  The  values  given  represent  the  average  of  10  or  more  measurements  in  every  case 
except  series  C,  where  only  one  measurement  is  represented. 

'  Load  applied  for  about  15  hours  in  every  case  except  for  section  2,  north,  with  a 
6-foot  fill,  which  was  for  45  hours. 

EXPERIMENTAL  RESULTS  COMPARED  WITH  THEORETICAL  LOADS 

Figure  3  shows  curves  plotted  according  to  the  formula, 

3  //3 

Ci  (%)  =  a  2x — Yj^  X  100  (giving  the  values  obtained 
Zirii  g 

for  Ct  expressed  as  a  percentage  of  the  applied  load). 
The  load  is  figured  for  a  top  area  of  3.5  by  2  feet,  which 
equals  the  horizontal  projection  of  the  test  section. 
The  various  heights  of  fill  are  plotted  as  ordinates  and 
the  percentages  of  applied  load  transmitted  to  the  cul- 
vert section  as  abscissae.  The  drawings  also  show  the 
relation  between  the  percentage  of  the  load  applied  to 
the  culvert  and  height  of  fill  as  indicated  by  test  re- 
sults. In  series  A,  B,  and  D,  it  will  be  seen  that  the 
actual  observed  percentages  of  the  applied  load  dis- 
tributed to  the  culvert  section  fall  materially  short  and 
in  series  C  generally  somewhat  short  of  the  theoretical 
curve,  especially  below  the  3-foot  level.  In  series  E, 
however,  when  an  attempt  was  made  to  eliminate  side 
support  of  the  section  from  the  surrounding  gravel,  the 
observed  percentages  come  very  close  to  the  theoreti- 
cal curve,  sometimes  reaching,  but  practically  never 
exceeding  it.  The  conditions  existing  in  series  E  were 
such  that  the  observed  loads  may  be  said  to  be  identical 
with  those  obtained  under  field  conditions,  where  the 
top  slab  of  the  culvert  receives  the  total  load  imparted 
to  the  structure  by  a  concentrated  load  on  top  of  the 
fill. 

CONCLUSIONS  REGARDING  STATIC  LOAD  RESULTS 

The  theoretical  formula  seems  to  give  a  locus  showing 
the  maximum  possible  percentage  of  load  transmitted 
through  any  thickness  of  fill.  In  the  experimental 
work,  however,  this  maximum  load  generally  was  not 
reached,  but  when  conditions  were  most  favorable,  as 
in  series  E,  the  experimental  results  came  very  close  to 
the  theoretical. 
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Fig.  3. — Comparison  of  Experimental  Result.s  from  Static 
Load  Test.s  With  Theoretical  Curve 

It  is  rather  remarkable  that  the  theory  developed  by 

Boussinesq  for  elastic  solids  fits  so  closely  when  applied 

to  a  granular  material  such  as  gravel.     The  observed 

points  on  the  curves  in  Figure  3   were  taken  under 

track  conditions  varying  from  the  loose  freshly  filled 

embankment  to  a  wheel  track  worn  fairly  hard  and 

smooth  by  the  truck.     Under  certain  conditions,  as  in 

series  E,  the  load  on  the  culvert  section  approaches 

close  to  the  theoretical  curve. 

C  T 
The  formula   Wt=    '^—should  be  used  in   designing 

culverts  or  conduits  through  embankments  when  it  is 
necessary  to  design  for  superimposed  concentrated 
loads  of  a  static  nature.  For  convenience  in  using  the 
formula  the  values  of  Ct  have  been  computed  for  tlie 
values  of  H  of  0.5,  1.0,  1.5,  2.0,  3.0,  4.0,  5.0,  7.0,  10.0, 
15.0,  and  20.0  feet  for  any  size  structure  up  to  10  by 
20  feet  and  are  to  be  published  later. 

Table  3  gives  such  values  for  2-foot  section  of  a  cul- 
vert 3H  feet  wide. 
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T.U)LE  3.  -Valuen  of  the  coefficient  C,;  for  a  section  3.5  feet  wide 
and  2  feet  long 


Values  of  C, 

Height  of  fill  ill  feet 

Rear  wheel 
directly 

over  center 
of  area 

Other  rear 
wheel  (5.875 
feet  away) 

Total  ' 

0. 95262 
.  79758 
.  61295 
.  46271 
.27283 
.  17361 
.  11822 
.  08510 
.06393 
.04968 
.03965 
.03236 

0.00005 
.00042 
.00131 
.00549 
.00679 
.01107 
. 01435 
.01628 
.  01700 
.  01689 
. 01623 
.  01530 

0. 95267 

J                                                 . 

.79800 

. 61426 

2                                                        -- 

.46820 

3'   "                                       .   .   --- 

.  27962 

4                                                        ..   

.  18458 

.  13257 

Q                                                                                  

.  10138 

7                                     .   .   . -- 

. 08093 

g                                                    

. 06657 

9                                     

.  05589 

10                                    .       .  

.  04766 

15 -- 

. 01464 
.00829 

.01015 
.00670 

.02479 

20                                         - 

.01499 

1  The  efleet  of  the  front  wheels  is  negligible  in  this  case. 

For  culverts  up  to  3H  feet  in  width  and  under  5  feet 
or  more  of  embankment  the  effect  of  a  concentrated 
load  at  the  surface  is  negligible  compared  with  the 
weight  of  the  fill.  For  greater  widths  of  culvert  the 
depth  of  embankment  at  which  concentrated  loads 
may  be  neglected  is  greater  than  5  feet,  but  will  be 
moderate. 

APPARATUS  FOR  IMPACT  MEASUREMENTS 

The  same  general  arrangement  of  apparatus  and 
material  as  used  for  the  static  tests  was  used  for  the 
impact  measurements.  These  measurements  were 
made  on  section  2,  south  as  illustrated  in  Figure  1. 
This  section  was  chosen  because  when  the  truck  passed 
through  the  center  of  the  culvert,  one  wheel  passed 
over  the  center  of  the  section. 

Additional  apparatus  was  required  for  measuring 
the  rapid  movement  of  the  balance  beam  under  impact. 
A  specially  designed  instrument  for  this  purpose  was 
mounted  on  the  wooden  guard  above  the  balance  beam. 
This  instrument  consisted  of  a  pointer  equipped  with 
a  pen  which  traced  its  movement  on  a  continuous 
sheet  of  recording  paper.  The  pointer  was  actuated 
by  a  system  of  levers  attached  to  a  vertical  rod  which 
rested  on  top  of  the  balance  beam  of  the  scale  near  its 
end.  The  continuous  recording  paper  was  moved  by 
a  6-volt  motor.  In  addition  to  the  pointer  which 
recorded  movement  of  the  balance  beam,  two  other 
pointers  with  pens  attached,  were  used,  one  to  record 
huir  seconds  of  time  at  the  bottom  of  the  recording 
paper  and  the  other  to  indicate,  at  the  top  of  the 
paper,  revolutions  of  a  drum  of  known  diameter  which 
unreeled  as  the  truck  moved  forward.  From  these 
last  two  records  the  speed  of  the  truck  as  it  passed 
over  the  culvert  could  be  calculated. 

The  movement  of  the  balance  beam  was  retarded  by 
means  of  a  spiral  spring  attached  to  the  bottom  of  the 
scale  pan  and  anchored  to  the  floor  of  the  scale  house. 
Springs  of  various  sizes  and  strengths  were  used  accord- 
ing to  the  amount  of  impact  so  that  the  movement  of 
the  pointer  arm  could  l)e  held  down  within  the  limits  of 
the  recording  paper.  Weights  on  the  scale  pan  and  on 
the  scale  platform  were  also  used  to  retard  the  move- 
ment of  the  pointer.  These  various  combinations  were 
calibrated  and  treated  as  separate  apparatus. 

The  operation  of  the  above  described  apparatus  was 
as  follows:  As  the  truck  moved  toward  the  culvert  it 
unwound  a  small  brass  wire  from  a  drum  placed  at  the 
starting  point  whose  diameter  was  exactly  4  inches. 
Each  revolution  of  the  drum  made  an  electrical  contact 


which  actuated  the  pointer  at  the  top  of  the  recording 
sheet  and  thus  a  record  was  obtained  of  the  distance 
the  truck  moved  for  any  half  second.  As  the  truck 
moved  across  the  culvert,  the  effect  of  the  rear  wheel  was 
transmitted  through  the  gravel  fill  to  the  culvert  section. 
This  transmitted  effect  was  indicated  by  movement  of 
the  beam  of  the  scale  on  which  the  weighing  lever  for 
this  particular  section  rested.  The  movement  of  the 
scale  beam  was  recorded  by  the  pointer  of  the  impact 
instrument  and  the  highest  peak  of  the  ink  trace  was 
called  the  impact  reading.  The  truck  was  then  backed 
onto  the  culvert  and  the  position  of  the  pointer  noted 
while  the  truck  was  standing  still.  This  was  called  the 
static  reading.  The  difference  between  these  two  read- 
ings formed  the  basis  of  calculating  the  increase  in 
effect  on  the  culvert  due  to  a  moving  load  over  the 
effect  of  an  equal  static  load. 

IMPACT  MEASURING  DEVICE  CALIBRATED 

In  setting  up  an  apparatus  to  determine  calibration 
curves  for  the  impact  data,  resort  was  made  to  the 
well-known  physical  law  that  a  weight  suddenly  applied 
to  a  surface,  but  without  a  blow,  produces  a  maximum 
pressure  on  the  receiving  surface  equal  to  twice  the 
applied  weight,  but  continuing  only  an  infinitely  short 
time.  An  instantly  applied  load,  then,  momentarily 
produces  twice  the  ultimate  continuous  effect  of  a  slowly 
applied  load.  With  this  law  in  mind,  an  apparatus  was 
planned  by  which  loads  of  various  magnitudes  could  be 
suddenly  applied  to  the  culvert  section  over  which  the 
original  impact  runs  were  made. 

To  make  the  calibration  tests,  the  gravel  fill  was 
removed  fi-om  the  culvert  section  and  a  wooden  frame- 
work built  over  and  supported  by  the  culvert  section. 
This  framework  was  so  arranged  that  it  could  be  loaded 
to  give  a  pressure  on  the  culvert  equal  to  that  of  any 
desired  height  of  fill.  At  the  center  of  this  framework 
and  directly  over  the  culvert  a  cage  containing  any 
desired  weight  was  suspended  so  as  to  just  touch  the 
platform  or  framework.  By  means  of  a  trip  and  rope 
this  load  could  be  suddenly  applied  without  any  appreci- 
able fall.  A  record  was  made  of  the  resulting  deflection 
of  the  system  of  levers  at  the  instant  of  application  and 
also  as  a  static  load.  Data  were  thus  secured  for  the 
preparation  of  calibration  curves  representing  various 
heights  of  fill  and  other  test  conditions.  Figure  4 
shows  a  typical  calibration  curve. 

These  curves  were  used  to  determine  the  suddenly 
applied  load  which  would  produce  the  same  deflection 
of  the  recording  apparatus  as  caused  by  any  particular 
truck  run.  Knowing  the  deflection  caused  by  truck 
impact  the  proper  calibration  curve  gives  the  suddenly 
applied  load  which  causes  the  same  effect.  This  sud- 
denly apjilied  load  is  multiplied  by  two  to  give  the 
static  load  which  would  cause  the  same  effect  con- 
tinuously. This  value  is  then  compared  with  the 
calculated  theoretical  static  load  effect  and  the  per- 
centage of  momentary  impact  determined. 

Take  for  example,  a  typical  truck  run  over  a  3-foot 
fill.  The  initial  reading  on  the  recording  paper  was  73, 
the  static  reading  was  97,  and  the  impact  reading  as 
the  wheel  hit  the  bottom  of  the  hole  in  the  track  was 
118.  This  gives  an  impact  difference  of  45  and  a  static 
difterence  of  24.  From  the  proper  calibration  curve 
(fig.  4)  850  pounds  is  found  as  the  load  which  if  applied 
suddenly  produces  the  same  throw  of  the  scale  beam. 
Doubling  this  to  get  an  equivalent  static  load  gives 
1,700  pounds.  The  actual  static  load  is  960  pounds  as 
shown  by  the  lower  or  static  load  calibration  curve. 
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Seventeen  hundred  pounds  is  108  per  cent  of  1,581 
pounds,  the  theoretical  transmitted  static  load  under 
the  same  conditions.  The  moving  truck,  therefore, 
produced  a  momentary  effect  on  the  culvert  equal  to 
108  per  cent  of  the  theoretical  effect  of  the  truck  when 
standing  over  the  culvert. 

McCOLLUM-PETER.S  STRAIN  TELEMETER  USED 

One  group  of  the  impact  tests  was  conducted  using 
the  McCollum-Peters  strain  telemeter.  This  instru- 
ment is  designed  to  measure  stresses  in  structural  mem- 
hers  by  means  of  a  recording  device  which  registers 
the  strain  of  the  member  under  stress.  There  are  12 
gauges  in  connection  with  the  instrument  so  that  it  is 
capable  of  registering  strains  at  12  points  in  a  member 
simultaneously.  Each  gauge  consists  of  two  hardened 
points  exactly  8  inches  apart.  These  points  are 
clamped  to  the  structural  member  at  the  place  where 
observations  are  desired.     As  the  member  is  lengthened 
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Fig.  4. — Sample  Calibration  Curve  Used  in  Impact  Test 

or  shortened  imder  stress,  depending  on  whether  the 
member  is  in  tension  or  compression,  the  points  cause 
a  change  in  the  electrical  carrying  capacity  of  a  carbon 
resistance  unit  in  the  gauge  and  the  amount  of  current 
passing  through  the  carbon  resistance  unit  is  thereby 
varied.  This  variation  in  current  causes  a  small 
mirror  at  the  main  recording  unit  of  the  instrument  to 
revolve  slightly  and  throw  a  beam  of  light  so  that  it 
describes  an  arc  which  is  proportional  to  the  strain  in 
the  structural  member.  The  movement  of  this  beam 
of  light  is  recorded  on  a  roll  of  sensitized  paper  which 
moves  at  a  constant  speed  and  a  photographic  record 
is  thereby  made  of  the  change  in  strain  of  the  member 
at  each  point  where  a  gauge  is  attached.  Since  strain 
is  proportional  to  the  load  applied  to  a  beam,  other 
conditions  being  the  same,  a  record  showing  changes 
in  strain  will  also  be  a  record  of  change  in  load  applied 
to  the  beam. 

In  applying  the  above  instrument  to  the  culvert 
section  on  which  impact  observations  were  made,  the 
platform  scale  on  w^hich  the  end  of  the  weighing  lever 
rested  was  removed  and  an  unyielding  support  sub- 
stituted therefor.  This  produced  a  beam  simply 
supported  at  each  end  with  a  concentrated  load  applied 
eccentrically.  Ten  of  the  gauges  were  clamped  to 
the  lower  flange  of  this  beam,  arranged  in  pairs.  Then 
a  photographic  record  of  the  change  in  stress  in  the 
beam  was  made  by  taking  an  exposure  first,  with  no 
load  on  the  culvert  (except  the  gravel  fill),  second,  at 
the  time  of  impact,  and  third,  with  the  truck  standing 
over  the  culvert.     Although  10  gauges  were  used  in  the 


impact  runs,  only  the  two  which  were  nearest  the  knife 
edge  supporting  the  culvert  were  properly  calibrated. 
The  calibration  was  })y  the  same  general  method  as 
used  with  the  other  impact  measuring  apparatus 
supplemented  by  laboratory  calibrations  by  inde- 
pendent methods.  The  results  given  are  based  on  the 
strains  recorded  by  only  two  gauges.  Due  to  the  short 
time  which  this  instrument  was  available,  observations 
were  made  only  on  the  2  and  3-foot  levels. 

impact  TE.STS  made  UNDER  DIFFERENT  CONDITIONS 

The  impact  tests  runs  were  made  with  a  3-ton  truck 
loaded  with  various  amounts  of  gravel  and  with  tire 
equipment  as  previously  described.  Table  4  shows  the 
heights  of  fill  and  wheel  loads  for  the  four  groups  of 
impact  tests. 

Table   4. — Truck  loads  for  impact  groups 


firoup  No. 


1 

2 
3 

4 


Heights  of 
fill 

Feet 
2,  3,  4 

6,'87l0----' 
2,3,4,5.... 
2,  3,4,  5-... 
2,3... 


Gross 
load 


Pounds 
16. 180 
19,030 
31, 940 
16,160 
17,750 
15,960 


Weight 
on  rear 
wheels 


Pounds 
11,400 
13,660 
25,700 
11,290 
12,600 
11,020 


Weight 
on  front 
wheels 


Pounds 
4,780 
5,370 
6,240 
4,870 
5,150 
4,940 


It  was  found  that  with  a  smooth  track  over  the 
culvert,  the  truck  produced  only  a  quite  small  per- 
centage of  impact.  Since  in  actual  service,  the  road- 
way over  a  culvert  is  quite  often  rough  and  full  of 
ruts,  it  was  deemed  desirable  to  place  obstructions  in 
the  track  so  that  this  naturally  rough  condition  might 
be  simulated.  The  truck  was  allowed  to  pass  over  these 
obstructions  in  such  a  manner  that  after  leaving  the 
obstruction  the  wheel  struck  the  track  directly  over  the 
center  of  the  culvert  section.  In  the  case  where  a 
hole  was  dug  in  the  track  to  produce  impact  the  hole 
was  centered  directly  over  the  section.  The  obstruc- 
tions used  in  these  impact  runs  were  a  2  by  4  inch  block 
of  wood,  a  4  by  6  inch  block,  a  2-inch  hole  dug  in  the 
wheel  track,  a  4-inch  hole  and  a  6-inch  hole. 

FOUR  GROUPS  OF  TESTS  MADE 

The  prosecution  of  the  impact  phase  of  load  determi- 
nation was  spread  out  over  a  long  period  of  time  and 
conducted  with  different  men  in  charge  of  the  work. 
These  conditions  produced  data  of  such  a  nature  that 
it  is  convenient  to  divide  the  whole  study  into  four 
distinct  phases,  or  groups,  which  have  been  designated 
as  groups  1,  2,  3,  and  4. 

Impact  Grotij)  1. — Group  I  includes  the  data  taken 
prior  to  September  1,  1923,  by  Clyde  Mason.  The 
early  work  included  in  this  group  was,  of  necessity,  of  a 
pioneer  nature.  So  far  as  could  be  ascertained,  no 
similar  work  had  ever  been  performed  and  it  was 
necessary  to  do  a  great  deal  of  experimenting  with 
apparatus  before  a  satisfactory  method  of  recording 
impact  was  developed. 

Impact  Group  2. — Group  2  includes  the  work  done 
in  the  spring  of  1924  up  to  about  the  1st  of  July. 
Impact  runs  were  made  on  levels  of  fill  from  2  to  6  feet 
high  under  the  same  conditions  as  those  existing 
when  the  data  for  Group  1  was  taken;  Group  2  con- 
stitutes a  check  series  for  Group  1. 

Impact  Group  3. — Group  3  is  a  set  of  readings  taken 
on  the  same  levels  and  under  the  same  conditions  as 
Group  2,  except  that  the  culvert  was  surrounded  b}^  the 
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friction  reducing  crib  mentioned  under  the  discussion 
of  static  loads. 

Impact  Group  4- — Group  4  covers  a  series  of  impact 
observations  taken  on  the  2  and  3  foot  levels,  in  which 
impact  was  measured  by  means  of  the  McCoUum- 
Peters  strain  telemeter.  The  method  of  recording 
impact  by  this  instrument  is  of  such  a  diflterent  nature 
from  that  employed  in  the  other  three  groups,  that 
i-hese  results  form  a  valuable  check  on  the  first  work. 

Table  5  gives  the  results  from  two  runs  selected  at 
random  from  a  large  number  of  tests  made.  Wii\\ 
regard  to  the  complete  data  included  in  the  report  it  is 
noted  that  the  percentages  of  impact  are  far  from 
being  uniform;  that  is,  two  runs  apparently  made 
imdei-  the  same  conditions  of  track,  of  speed,  and  ap- 
paratus, quite  often  show  radically  diflferent  results. 
There  are  undoubtedly  many  reasons  why  these  incon- 
sistencies exist.  One  contributing  factor  was  the 
difficulty  of  always  guiding  the  truck  so  the  rear  wheel 
would  strike  the  center  of  the  section.  The  shifting 
character  of  the  gravel  fill  and  the  steep  downward 
approach  to  the  culvert  gave  conditions  which  probably 
affected  the  results  somewhat.  It  was  also  difficult  to 
place  the  plank  obstruction  so  that  the  truck  wheel 
would  strike  the  track  in  the  same  place  each  time.  In 
some  cases  the  wheel  would  merely  roll  off  the  edge 
of  the  planking  and  deliver  a  comparatively  light  blow 
to  the  gravel,  while  at  other  times  the  wheel  would  follow 
the  path  of  a  projectile  and  strike  the  track  several 
inches  in  front  of  its  customary  place,  but  with  a  much 
more  severe  impact.  There  seemed  to  be  no  way  of 
controlling  this,  as  speed  did  not  seem  to  cause  the 
difference.  In  fact,  some  of  the  lowest  impact  per- 
centages were  obtained  at  the  highest  speeds.  In 
general,  the  impact  seemed,  to  increase  as  the  speed  of 
the  truck  increased,  though  the  range  of  speeds  was  too 
small  to  warrant  definite  conclusions  on  this  point. 

Table  5. — Results  of  impact  test  runs  selected  at  random  from  each 
group  of  tests 

GROUP  1 


Truck 

speed 

(m.  p. 

h.) 

Obstacle 

Calcu- 
lated 
trans- 
mitted 
static 
load 
(pounds) 

Loads  from  calibra- 
tion curve  (pounds) 

Impact 

effect, 

percent- 

Height of 
fill  (feet) 

Static 

Impact 
effect 

age  of 
calcu- 
lated 
trans- 
mitted 
static 
loadi 

r     2.3 
2.0 
8.1 
7.4 
4.1 
5.0 
7.7 
7.0 
4.1 
4.4 

f      fi.  1 
.5.1 
6.5 
7.2 
.5.8 
5.1 
5.7 
4.3 
9.3 
8.6 
8.6 

■     -9.1 
5.0 

I      6.0 

Smooth  track 

do 

2  by  4  inch  block 

do 

1,596 

1,596 

1,596 

1,596 

1,596 

1,596 

1,596 

1,596 

1,596 

1,596 

1,049 

1,049 

1,049 

1,049 

1,049 

1,049 

1,049 

1,049 

908 

908 

908 

908 

908 

908 

970 

970 

970 

970 

400 

970 

1,160 

1,350 

1,040 

620 

1,570 

1,420 

1,500 

1,460 

1,570 

1,460 

720 

720 

1,  2.50 

1,120 

1,120 

1.250 

1,000 

1,000 

1,  0.50 
1,  050 
1,860 
1,720 
3.160 
3.040 
3,440 
3,580 
3,080 
3,080 
2,100 
2,040 
2,520 
2,580 
3,840 
3,  .580 
2,020 
2,160 
1,600 
1,360 
1,800 
1,600 
2.140 
2,480 

66 
66 
117 
108 

3 

4  by  6  inch  block 

...    do 

198 

190 

4-inch  hole  in  track,  _ 
do .., 

216 
224 

6-inch  hole  in  track- . 
do 

Smooth  track 

do.- 

193 
193 
208 
114 

4 

4  by  6  inch  block 

do 

4-inch  holeiu  track.. 
do 

240 
246 

366 
341 

6-inch  hole  in  track .- 
do 

Smooth  track 

do 

4  by  6  inch  block 

do --. 

4-inch  hole  in  track  . 
do 

193 
206 

176 
1.50 
198 

176 
236 
273 

Table  5.- 


-Results  of  impact  test  runs  selected  at  random  from  each 
group  of  tests — Continued 


GROUP  2 


Height  of 
fill  (feet) 

Truck 

speed 

(m.p. 

h.) 

Obstacle 

Calcu- 
lated 
trans- 
mitted 
static 
load 
(pounds) 

Loads  from  calibra- 
tion curve  (pounds) 

Static       I« 

i 

Impact 
effect, 
percent- 
age of 
calcu- 
lated 
trans- 
mitted 
static 
load 

1 
2 

1      2.0 
L7 
2.5 
2.8 
1.9 
1.9 
1.9 
[      3.6 
t      2.7 
2.0 

1.1 
2.5 
2.1 
5,7 
2.1 
2.2 
.3.2 
2.0 

1       1.4 
2.1 
3.8 
4.3 
1.4 
1.4 
2.0 
2.4 

f      3.4 
3.7 
3.3 
3.3 
3.1 
2.1 
3.7 
3.7 

Smooth  track 

do 

2  by  4  inch  block 

do - 

4  bv  6  inch  block 

do 

2-inch  hole  in  track., 
do            

2,642 

2,612 

2,642 

2,642 

2,642 

2,642 

2,642 

2,642 

1,  581 

1,581 

1,581 

1,581 

1,581 

1,581 

i;581 

1,581 

1,581 

1,581 

1,581 

1,581 

1,039 

1,039 

1,039 

1,039 

1,039 

1,039 

1,039 

1,039 

751 

751 

751 

751 

751 

761 

751 

751 

1,200 

1,200 

1,200 

1,320 

1,400 

1,460 

1,540 

1,590 

860 

860 

800 

800 

850 

880 

880 

1,000 

960 

960 

1,150 

1,040 

670 

720 

720 

720 

720 

720 

720 

800 

300 

320 

360 

340 

340 

340 

360 

410 

1,420 

1,260 

2.080 

2,240 

2,560 

2,340 

2,340 

2,620 

940 

1,060 

1,580 

1,400 

1,420 

1,800 

1,880 

2.040 

1.700 

1.820 

2,720 

2,140 

860 

900 

1,420 

1,340 

1,140 

1,  320 

1,860 

1,820 

600 

640 

980 

920 

860 

780 

1,200 

1,180 

54 
48 
79 
85 
97 
89 
89 
99 

Smooth  track 

do  

59 
67 

2  by  4  inch  block 

do     

100 
89 

3 

4  bv  6  inch  block 

do - 

2-inch  hole  in  track., 
do 

90 
114 
119 
129 

4-inch  hole  in  track., 
do     

108 
115 

6-inch  holeintrack-- 

do 

Smooth  track 

do 

172 
135 
83 
87 

4             .    -. 

4  by  6  inch  block 

—do -.. 

4-inch  hole  in  track.  _ 
do 

6-inch  hole  in  track- - 
do 

Sinooth  track 

137 
129 

101 
127 
179 
175 
80 

ft 

do 

4  by  6  inch  block 

do 

4-inch  hole  in  track.. 
do 

6-inch  hole  in  track. - 
...do--- 

85 
131 
123 

115 
104 
160 
157 

GROUP   3 


Smooth  track 

do 

2  bv  4  inch  block.. 

do 

4  bv  6  inch  block. . 
do 


Smooth  track 

do 

2  by  6  inch  block 

do 

4  by  6  inch  block 

do 

4-inch  hole  in  track. 
do 


Smooth  track 

do 

4  bv  6  inch  block 

do 

4-inch  hole  in  track., 
do 


Smooth  track 

do 

4  by  6  inch  block 

do 

4-inch  hole  in  track. 
do 


(5R0UP4 


'  Total  effect  transmitted  to  culvert  top  from  below  on  roadway  surface. 


3.3 
4.4 

3.2 
4.1 


8.5 
7.2 
5.5 
4.8 
5.7 
4.2 


Smooth  track 

do 

4  by  6  inch  block-.. 

do 

2-inch  hole  in  track 
do 

Smooth  track   

do 

4  by  6  inch  block. . 

do 

4-inch  hole  in  track 
...do 


2,948 

2,  160 

2,380 

2,948 

2.160 

3,260 

2,948 

2,070 

3,200 

2,948 

1.980 

2,880 

2,948 

2,160 

4,240 

2,948 

2,160 

4,  220 

1,764 

680 

780 

1,764 

680 

800 

1,764 

600 

980 

1,764 

550 

940 

1,764 

770 

2,160 

1,764 

770 

3,720 

1,764 

930 

3,720 

1,764 

960 

2,  140 

1,  159 

870 

1,  140 

1,159 

890 

1,220 

1,159 

980 

1,820 

1.159 

900 

1,320 

1,159 

1,050 

1,920 

1,159 

1,100 

2,140 

838 

400 

660 

838 

380 

640 

838 

480 

780 

838 

410 

760 

838 

550 

1,180 

838 

470 

820 

2,580 

2,500 

3,500 

2,580 

2,650 

3,750 

2,580 

3,  1.50 

8.600 

2,580 

2,  9.50 

8,700 

2,580 

3,000 

7,500 

2,580 

2,850 

6,350 

1,540 

1,100 

1,750 

1,540 

1,100 

1,300 

1,540 

950 

3,550 

1,540 

850 

3,900 

1,540 

1,000 

4,250 

1,  .540 

900 

2,750 
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CONCLUSIONS     REGARDING     IMPACT     LOADS     TRANSMITTED     TO 
CULVERTS 

Viewing  the  results  obtained  in  the  impact  determi- 
nations from  the  standpoint  of  the  design  of  culverts, 
which  is,  of  course  the  ultimnte  reason  for  conducting 
the  tests,  it  may  be  stated  for  the  range  of  conditions 
covered  in  these  experiments  that  culverts  should  be 
designed  to  carry  loads  ecpuil  to  the  dead  loads  upon 
them  from  the  embankment  materials  plus  from  150  to 

T 
200  per  cent  of  Ci  ^  (see  pp.  1 13)  to  allow  for  the  effect 

of  moving  concentrated  traffic  loads. 

The  values  used  for  C,  should  be  those  calculated  by 
the  formulae  given  on  page  113. 

The  actual  impact  blows  reaching  the  culvert  tops 
vary  greatly  with  accidental  conditions  accompanying 
the  exigencies  of  actual  traffic,  weather,  and  soil  condi- 
tions. The  above  allowances  are  believed  to  safely 
provide  for  the  impact  effects  which  are  reasonably 
expected  to  occur  occasionally,  at  least  for  trucks 
running  at  speeds  up  to  10  miles  an  hour. 

As  with  static  superloads,  the  effects  of  moving  super- 
loads  are  negligible  for  heights  of  embankment  exceed- 
ing 5  feet  for  culverts  up  to  SJy  feet  in  width  and  above 
moderate  heights  for  wider  cidverts. 


(Continued  from  page  112) 

The  ti'eatment  of  the  piles  extended  from  2  feet 
below  mean  low  water  to  one  foot  from  the  end  of 
the  pile,  the  treated  length  varying  from  six  to  sixteen 
feet.  The  pile  was  always  dry  when  painting  was 
started  and  was  allowed  to  dry  thoroughly  after  each 
successive  coat.  The  painting  was  done  with  ordinary 
calcimine  brushes  and  a  penetration  of  from  one- 
eighth  to  one-sixteenth  inch  was  obtained. 

The  cost  of  painting  the  piles,  if  so  stored  that  they 
are  accessible,  is  very  small.  It  would  be  advisable  to 
arrange  the  storage  so  that  as  few  piles  as  possible 
have  to  be  moved  for  painting,  by  so  spacing  them 
that  they  can  be  reached  on  all  sides  for  treatment. 

The  length  of  time  between  the  application  of  the 
seal  coat  and  driving  should  be  not  less  than  seven  days. 

Cheat  Haven  Dam,  Cheat  Haven,  Pa. — This  treat- 
ment, reported  by  H.  H.  Haggard,  of  Sanderson  & 
Porter,  Engineers,  New  York,  was  applied  to  the  up- 
stream face  of  the  dam  and  to  the  interior  of  penstocks 
and  scroll  cases.  Approximately  7,000  square  yards 
of  the  dam  face  was  given  two  coats  of  water-gas  tar 
at  the  rate  of  about  0.285  gallons  per  square  yard, 
followed  by  one  coat  of  coal  tar  at  a  cost  for  both 
applications  of  about  30  cents  per  square  yard.  The 
work  was  all  submerged  in  December,  1925,  and  has 
not  since  been  exposed  for  observation. 

The  penstocks  and  scroll  cases  received  two  coats  of 
water-gas  and  two  coats  of  coal  tar.  The  two  coats 
of  coal  tar  proved  to  be  too  heavy  and  showed  a  tend- 
ency to  run  before  water  was  admitted  to  the  penstocks. 
After  the  plant  had  been  in  operation  a  few  months 
an  examination  showed  that  the  coating  in  the  pen- 
stocks was  still  intact,  but  in  the  scrolls,  where  velocity 
of  water  was  relatively  high,  the  coal  tar  was  stripped 
clean  in  patches  exposing  the  concrete  surface,  stained 
dark  brown  by  the  absorbed  water-gas  tar. 

Observations  in  the  tunnels  of  the  dam  indicated 
that  extremely  little  water  had  penetrated  the  con- 
crete.    Water  had  entered  the  tunnels  at  some  con- 


traction joints,  but  it  was  not  expected  that  they  would 
he  tight.  The  penstocks  and  scrolls  leaked  somewhat 
in  spots,  which  might  have  been  avoided  if  the  water- 
proofing could  have  been  applied  under  more  nearly 
perfect  conditions. 

In  connection  with  the  waterproofing  of  the  dam, 
concrete  test  cylinders  were  made  up  of  a  1 :  3:  53/^  mix 
of  wet  and  dry  consistency,  cured  in  damp  sand  and 
air  for  14  and  3  days,  respectively,  and  given  two 
coats  of  water-gas  tar  and  one  coat  of  coal  tar.  On 
completion  of  the  treatment  the  test  pieces  were 
immersed  in  water  for  7  days  and  the  gain  in  weight 
after  this  period  was  found  to  be  1.4  per  cent  for  the 
wet  and  0.9  per  cent  for  the  dry-mixed  concrete. 

Abutment  of  HancocJc-Sullivan  Bridge  over  Taunton 
River,  Me. — It  is  known  that  a  treatment  of  four  coats 
of  water-gas  tar  and  a  seal  coat  of  coal  tar  has  been 
applied  below  water  level;  but  no  details  of  the  treat- 
ment have  been  obtained. 

GENERAL  SUMMARY  AND  CONCLUSIONS 

From  the  results  of  the  tests  both  in  the  field  and 
laboratory  the  following  conclusions  seem  warranted. 

1.  That  water-gas  tar  of  the  proper  quality  is  readily 
absorbed  by  cement  mortar  and  concrete,  the  rate  of 
absorption  varying  with  the  manner  of  curing,  age  and 
density  of  the  mix.  Concrete  of  a  1:3:6  mix  cured, 
respectively,  48  hours  and  7  days  under  moist  condi- 
tions in  the  forms  followed  by  7  days'  exposure  to  dry 
air,  was  found  to  be  the  most  absorptive,  while  a 
1 :  1 3^:  3  mix,  cured  7  days  in  forms  and  83  days  in  air, 
was  the  least  absorptive. 

2.  That  the  absorption  of  coal  tar  by  concrete  is 
similar  to  that  of  water-gas  tar  except  that  the  quantity 
absorbed  increases  with  the  time  of  exposure  after 
treatment  with  water-gas  tar. 

3.  That  a  treatment  consisting  of  4  coats  of  water- 
gas  tar  applied  at  the  rate  of  about  one-fourth  gallon 
per  square  yard  of  surface,  followed  by  one  coat  of 
coal  tar  appears  to  afl'ord  adequate  protection  against 
alkali  attack,  provided  the  concrete  is  of  good  quality, 
has  been  properly  fabricated  and  not  leaner  than  a 
1:2:4  mix. 


PARAFFIN  SOLUTION  USED  ON  MOLDS  FOR  CEMENT 
MORTAR  BRIQUETTES 

Paraffin  solution  has  been  found  to  be  much  better 
than  oil  for  preventing  cement  mortar  from  adhering  to 
briquette  molds,  glass  plates,  or  any  other  laboratory 
apparatus,  according  to  R.  B.  Dayton,  materials  engi- 
neer of  the  State  Road  Commission  of  West  Virginia. 

A  6  to  7  per  cent  solution  of  paraffin  in  carbon 
tetrachloride  is  used  instead  of  the  customary  heavy 
mineral  oil.  It  may  be  applied  with  either  a  brush  or 
rag.  The  surfaces  of  the  molds  are  very  easy  to  clean, 
requiring  but  slight  brushing  with  a  stiff  fiber  brush. 
The  top  and  bottom  of  briquette  molds  require  a 
slight  scraping  with  a  small  trowel  to  remove  the 
mortar,  as  the  process  of  forming  removes  the  paraffin 
coating,  but  this  also  happens  when  oil  is  used. 

One  advantage  of  the  paraffin  solution  over  oil  is 
that  the  paraffin  solution  is  quick  drying  and  does  not 
become  incorporated  with  the  mortar  as  sometimes 
happens  with  excess  oil  on  the  molds  and  plates. 


EFFECT  OF  QUALITY  OF  PORTLAND  CEMENT  UPON 
THE  STRENGTH  OF  CONCRETE 

A  REPORT  ON  TESTS  CONDUCTED  JOINTLY  BY  THE  MICHIGAN  STATE  HIGHWAY  DEPARTMENT  AND 

THE  BUREAU  OF  PUBLIC  ROADS  ' 

Reported  by  F.  H.  JACKSON,  Engineer  of  Tests,  Bureau  of  Public  Roads 


During  the  last  several  years  Portland  cement  con- 
crete has  been  the  subject  of  a  great  deal  of  study. 
Many  tests  have  been  made  to  determine  the  effect  of 
such  factors  as  quantity  of  water,  ciuantity  of  cement, 
character  and  gradation  of  aggregates,  etc.,  on  the 
quality  of  the  product.  However,  the  effect  of  the 
quality  of  cement  upon  the  quality  of  the  concrete  has 
received  very  little  attention,  the  tacit  assumption 
bemg,  apparently,  that  any  variations  in  the  quality 
of  the  cement  w^ould  be  of  relatively  small  importance, 
in  so  far  as  the  quality  of  the  resulting  concrete  is  con- 
cerned, provided  the  cement  passed,  the  minimum 
requirements  of  the  American  Society  for  Testing 
Materials. 

The  results  of  tests  made  jointly  by  the  Michigan 
State  Highway  Department  and  the  Bureau  of  Public 
Roads  at  the  Ann  Arbor  laboratory  of  the  former 
during  the  summer  of  1926  and  presented  in  this  report 
show  that  such  an  assumption  may  not  hold  under  all 
conditions,  and  call  attention  to  the  desirability  of 
studying  those  factors,  including  the  cement,  which 
affect  the  rate  of  hardening  of  paving  concrete,  because 
of  the  economic  importance  of  this  feature  in  influencing 
the  time  necessary  to  keep  the  completed  pavement  out 
of  service. 

Although  the  number  of  specimens  subjected  to  tests 
was  not  large  enough  to  justify  general  conclusions, 
their  remarkable  consistency  points  strongly  to  the 
probability  that  the  strength  of  concrete  in  tension, 
flexure,  and  compression  varies  directly  with  the  tensile 
strength  of  standard  1 : 3  mortar  briquettes  made  of  the 
cement  and  Ottawa  sand.  They  indicate  also  that  the 
strength  of  a  concrete  pavement  at  the  end  of  the 
customary  curing  period  may  or  may  not  be  as  great 
as  the  assumed  strength,  dependmg  upon  the  character 
of  the  cement  used,  all  other  elements  being  the  same. 

It  is  now  quite  generally  recognized  that  the  tensile 
and  flexural  strength  of  concrete  are  of  more  signifi- 
cance than  the  crushing  strength  in  determining  the 
value  of  the  product  for  use  in  pavement  construction. 
Other  thmgs  being  equal,  the  distance  apart  at  which 
transverse  cracks  will  form  in  a  plain  concrete  pave- 
ment will  vary  directly  with  the  tensile  strength  of  the 
concrete.  Moreover,  modern  methods  of  design  utilize 
the  flexural  strength  of  the  concrete  as  a  basis  for  cal- 
culating the  thickness  of  pavement  necessary  to  carry 
the  maximum  loads  which  will  be  allowed  upon  it. 
Unless  traffic  is  restricted  the  maximum  load  is  just 
as  apt  to  come  upon  the  pavement  the  day  the  road 
is  opened  as  at  some  later  period.  Therefore,  the 
critical  strength  of  the  concrete  is  the  strength  which 
it  has  attained  at  the  time  traffic  is  allowed  upon  the 
pavement.  Any  increase  in  strength  which  the  con- 
crete may  attain  subsequently  should,  in  general,  be 
considered  only  in  the  light  of  an  additional  factor  of 

1  These  tests  were  conducted  at  the  Ann  Arbor  laboratory  of  the  Michigan  State 
Highway  Department,  under  the  joint  supervision  of  R.  L.  Morrison,  director  of  the 
laboratory,  and  C.  E.  Proudley,  formerly  assistant  engineer  of  tests,  Bureau  of 
Public  Roads. 
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safety  and  should  not  be  utilized  in  design.  This,  of 
course,  assumes  that  there  will  be  no  retrogression  in 
strength  at  any  later  period.  The  rate  of  hardening, 
therefore,  becomes  an  important  item  and  should  con- 
trol the  time  necessary  to  keep  the  pavement  closed  to 
traffic. 

It  was  for  the  purpose  of  determining  the  effect  of 
variations  in  the  quality  of  certain  Portland  cements 
used  in  the  State  of  Michigan  upon  the  strengths  of 
paving  concrete  at  the  end  of  the  curing  period,  as  well 
as  the  relative  rate  of  increase  in  strengtli  up  to  and  sub- 
sequent to  this  critical  stage  of  the  pavement's  history, 
that  the  cooperative  investigation  was  undertaken. 

CHARACTER  OF  THE  CEMENT  THE  ONLY  VARIABLE  IN  THE 
TESTS 

All  concrete  specimens  used  in  the  study  were  of  the 
standard  paving  niLx  used  by  the  Michigan  State  High- 
way Department,  which  is  1:2:3J^  by  volume. 
The  only  variable  was  the  quality  of  the  Portland  ce- 
ment, of  which  three  grades  were  used — a  slow-harden- 
ing grade  with  a  briquette  strength  averaging  about  200 
pounds  per  square  inch,  a  grade  of  medium  strength 
running  about  250  pounds  per  square  inch,  and  a  ce- 
ment of  fairly  high  early  strength  testing  approximately 
300  pounds  per  square  inch,  all  at  seven  days. 

A  single  consistency,  corresponding  to  good  average 
paving  practice,  was  used  throughout.  Typical  aggre- 
gates, a  sand  and  gravel  conforming  in  all  respects  to 
the  requirements  of  the  Michigan  State  highway  speci- 
fications were  employed;  and  all  proportioning,  mixing, 
molding,  curing,  and  testing  were  strictly  in  accordance 
with  the  practice  recommended  by  the  American  So- 
ciety for  Testing  Materials.  The  results  of  routine 
tests  on  the  three  Portland  cements  used  are  given  in 
Table  1,  and  the  gradation  and  physical  properties  of 
the  aggregates  in  Table  2.  Thus  far  the  specimens  have 
been  tested  at  the  age  of  7,  14,  21,  28,  90,  and  180  days. 
Specimens  for  one  and  two  year  tests  have  been  made 
and  will  be  tested  at  the  proper  time. 

Table  1. — Results   of  tests    on   three    Portland  cements    used   in 
Michigan  concrete  tests 


Fine- 
ness— 

re- 
tained 
on  No. 
200 
sieve 

Per  cent 
18.5 
18.7 
20.0 

Setting  time 

Tensile  strength 

Type  of  cement 

Initial 

Final 

7  days 

28  days 

High  strength 

Hrs. 
4 
3 

4 

Min. 
10 
55 
10 

Hrs. 
5 
5 
6 

Min. 
40 
55 
00 

Lbs.  per 

sq.  in. 

325 

255 

180 

Lhs.  per 
sq.  in. 
400 

Medium  strength 

380 

Low  strength 

315 

Three  types  of  tests  have  been  made — direct  tension, 
flexure,  and  compression.  For  the  tension  tests, 
cylinders  6  inches  in  diameter  by  21  inches  long  were 
cast  and  tested  in  accordance  with  the  method  first 
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Table  2. — Results  of  tests  of  aggregates  used  in  Michigan  concrete 

tests 


SAND 

Size: 

Retained     on     No.     10    sieve 

percent..        28 

Retained    on    No.    30    sieve 

percent..        75 

Retained    on    No.    50    sieve 

.percent..        93 

Retained    on    No.    100    sieve 

percent..       98 

Color... 0.  K. 

Weight  per  cubic  foot pounds..      112 

Strength  ratio,  7  days 138 

Strength  ratio,  28  days 135 


GRAVEL 

Size: 

Retained    on    1^-inch   screen 

per  cent.. 

Retained     on     1-inch    screen 

- per  cent.. 

Retained    on    54-inch    screen 

per  cent.. 

Retained    on    M-inch    screen 

per  cent.. 

Retained    on    }^-inch    screen 

-.per  cent.. 

Per  cent  of  wear  (gravel  test) 

Weight  per  cubic  foot pounds.. 


0 

30 

60 

85 

100 

5 

109 
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I-  O 
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5000 

40OO 

3000 

2000 

1000 

0 
800 

700 

600 

500 

400 

300 

200 

100 

0 
400 

300 

200 

100 
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the  application  of  the  load.  Ball  and  socket  joints  in 
each  grip  make  the  set-up  self-aligning.  In  general, 
two  breaks  were  secured  from  each  specimen. 

The  specimens  for  the  flexure  tests  were  beams  6 
by  6  by  36  inches  in  size,  tested  as  cantilevers  by  the 
method  first  proposed  by  Clemmer.^  The  beams  are 
supported  as  cantilevers  and  an  extension  arm  with 
a  container  at  the  extreme  end  placed  over  the  free  end 
of  the  beam.  Load  is  applied  b,y  an  even  flow  of  shot 
or  water  from  a  separate  container  equipped  with  a 
quick-acting  valve.  Calculations  to  determine  the 
llexural  strength  involve  the  overhang  of  the  specimen, 
the  extension  arm,  and  the  weight  of  shot  or  water 
required  to  cause  failure.  Two  breaks  were  secured 
from  each  beam. 

The  compressive  tests  were  made  in  the  conventional 
manner  on  6  by  12  inch  cylinders;  and  in  these,  as  in 
the  other  tests,  the  specimens  were  tested  immediately 
on  removal  from  moist  storage. 

The  schedule  of  tests  called  for  three  specimens  of 
each  type  for  each  age  and  for  each  cement.  As  it  was 
possible  in  almost  all  cases  to  obtain  two  breaks  from 
each  of  the  tension  and  flexure  specimens,  six  values  for 
tensile  and  flexual  strength  were  obtained  and  reported 
for  each  combination  and  three  values  in  compression. 
The  results  of  all  tests  up  to  and  including  the  six- 
month  period  are  given  in  Tables  3  to  5,  inclusive. 
The  average  strengths  shown  in  these  tables  for  each 
of  the  three  cements  tested  are  plotted  against  age  in 
Figure  1,  and  in  Figure  2  the  results  of  the  three  types 
of  concrete  tests  at  the  age  of  7  and  28  days  are  plotted 
against  the  tensile  strengths  of  the  cements  as  shown  by 
1:3  Ottawa  sand  briquette  tests  at  the  same  periods. 

Table   3. — Results  of  tests  of  1:2:314  gravel  concrete  specimens 
made  with  high-strength  cement 


7  14  21  28  90  leO 

AGE-DAYS 
Fig.    1. — Strength    of    Concrete    Made    from   Three 
Grades  of  Portland  Cement 

used  in  the  structural  materials  research  laboratory 
at  Lewis  Institute,  Chicago  (now  the  research  labora- 
tory of  the  Portland  Cement  Association),  and  de- 
scribed m  the  Proceedmgs  of  the  American  Society 
for  Testing  Materials  for  1926.^  By  this  method  the 
cylinders  are  broken  in  a  universal  testmg  machine. 
The  grips  consist  of  two  pieces  of  6-inch  steel  pipe 
lined  with  leather  and  split  part  way  along  four  elements 
30  as  to  slip  over  the  ends  of  a  cylmdrical  concrete 
specimen.  The  segments  are  then  drawn  tight  by 
means  of  tangential  bolts  to  prevent  slipping  durmg 

»  Proc.  A.  S.  T.  M.,  1926,  pt.  2,  p.  447. 


Again 

days 

Type  of  test                n 

7 

14 

21 

28 

90 

180 

Compressive  strength  in  pounds  per 
square  inch  of  6  by  12  inch  cylinders. 
W 
-^=0.76. 

3,073 
2,890 
2,970 

3,400 
2,865 
3,168 

3,840 
3,630 
4,220 

3,060 
3,995 
3,310 

4,900 
5,200 
4,810 

5,115 
5,100 
5,020 

Average                          

2,978 

203 

'""224" 

""'237" 
235 

3,144 

"'"232" 
262 
279 
246 
273 

3,897 

297 
294 
312 
300 
282 
310 

3,455 

276 
282 
303 
294 
274 
263 

4,970 

334 
314 
316 
337 
352 
361 

5,078 

Tensile  strength  in  pounds  per  square 

inch  of  6  by  21  inch  cylinders. 
W 
(T  =  0.78. 

371 

'"   '374 
363 
352 

Average 

225 

258 

299 

282 

336 

365 

Modulus  of  rupture  in  pounds  per 
square  inch  of  6  by  6  by  36  inch 
beams,  tested  as  cantilevers. 

f^O.75. 

483 
465 
532 
498 
462 
497 

678 
715 
664 
654 
495 
562 

542 
615 
818 
858 
672 
548 

625 
668 
678 
703 
665 
620 

702 
708 
745 
790 
706 
682 

781 
780 
729 
684 
834 
786 

489 

628 

676 

660 

722 

766 

BRIQUETTE  STRENGTH  OF  CEMENT  AND  STRENGTH  OF  CONCRETE 

The  effect  of  variations  in  the  quality  of  cement 
upon  the  strength  of  the  concrete,  as  shown  by  Figure 
1;  appears  to  be  quite  marked.  Observing  the  relative 
values  for  each  of  the  three  grades  at  the  end  of  the 
conventional  curing  period  of  21  days,  it  wil  be  seen 
that  the  strength  of  the  concrete  contammg  the  high- 
test  cement  is  approximately  double  that  of  the  concrete 

s  Proc.  A.  C.  I.,  1926,  p.  304. 
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containing  low-test  cement,  and  that  the  concrete  in 
which  the  medium-strength  cement  was  used  runs 
about  midway  })etween.  The  significance  of  such  wide 
variations  in  strength  from  the  design  standpoint  will 
l)e  readily  apparent. 


Table  A.—Ri 


iuUa  of  tests  of  1 :  2  :  3]/2  gravel  concrete  specimens 
made  with  medium-strength  cement 


Age  ir 

days 

Type  of  Icsl 

7 

1,881 
1,816 
2  000 

14 

21 

28 

90 

180 

Compressive  strength  in  pounds  per 
square  inch  of  6  by  12  inch  cylinders. 
W 
-(T=0.76. 

2,670 
2,540 
2,535 

3,435 
2,880 
2,992 

3,383 
3,610 
3,500 

4,320 
4,390 
4,200 

4,762 
4,895 
4,685 

1,899 

2,582 

3,102 

3,497 

4,303 

4,781 

Tensile  strength  in  pounds  per  squnre 

inch  of  6  by  21  inch  cylinders. 
W 
C=0.78, 

194 

""m 

177 

""'207' 
225 
211 
222 
210 

273 
259 
215 

'"'259' 
206 

297 
299 

"""246' 
273 
235 

309 
303 
291 
346 
329 
333 

344 

315 

"""332 

Averjige                   -       

183 

215 

242 

270 

319 

330 

Modulus  of  rupture  in   pounds    per 
square  inich  of  6  by  6  by  36-inch  beams 
tested  as  cantilevers. 

W 

-^=•0.75. 

456 
430 
447 
442 
376 
393 

525 
500 
544 
469 
487 
495 

487 
531 
627 
568 
551 
512 

576 
554 
592 
625 
591 
588 

694 
686 
666 
703 
619 
639 

743 

749 
669 
664 
702 
716 

424 

503 

549 

588 

668 

707 

Table  5. 


-Results  of  tests  of  1  :  2  :  S]/^  gravel  concrete  specimens 
made  with  low-strength  cement 


Type  of  test 

Age  in 

days 

7 

14 

21 

28 

90 

180 

Compressive  strength  in  pounds  per 
square  inch  of  6  by  12  inch  cylinders. 
W 
-(,=  0.76. 

1.051 
1,  1.58 
1.150 

1,230 
1,760 
1,710 

2,000 
'i."976" 

2,482 
2,290 
2,470 

3,260 
3,412 
3,250 

4,055 
3.195 
3.250 

Average 

1,120 

1,567 

1,985 

2,414 

3,307 

3,  500 

Tensile  strength  in  pounds  per  square 

143 
174 
155 
166 
162 
150 

158 
210 
196 
196 
189 
174 

240 
285 
253 

'""262' 
225 

305 

inchof6by  21  inch  cylinders. 
W 
■p=0.78. 

"""89' 

88 

112 

""m 

145 

"'""314 
309 
275 

Average...  

88 

127 

158 

187 

253 

301 

Modulus  of  rupture  in   pounds  per 
square  inch  of  6  by  6  by  36  inch  beams 
tested  as  cantilevers. 

H' 

-C=0.75. 

"""255" 
222 
244 
252 
268 

442 
450 
332 
359 
377 
345 

337 
341 
435 
449 
361 
372 

428 
524 
423 
456 
486 
447 

570 
599 
519 
571 
486 
410 

558 
587 
529 
537 
585 
520 

Average. 

248 

384 

383 

461 

543 

553 

If  it  be  assumed  that  the  edge  thickness  of  a  concrete 
pavement  has  been  determined  by  the  corner  formula 
on  the  assumption  that  the  concrete  will  have  a  modu- 
lus of  rupture  of  600  pounds  per  square  inch  at  the  time 
the  road  is  opened  to  trafhc,  it  will  be  found  from 
Figure  1  that,  with  the  aggregates  employed  and  for 
the  conditions  obtaining  in  these  tests,  the  required 
modulus  of  rupture  was  attained  in  approximately  12 
days  by  the  use  of  the  high-strength  cement,  in  some- 


what more  than  28  days  when  the  medium-strength 
cement  was  employed,  and  that  it  had  not  been  reached 
up  to  six  months  when  the  low-strength  cement  was 
used.  The  low-strength  cement  did  not  pass  the 
requirements  for  strength  of  the  American  Society  for 
Testing  Materials,  but  if,  for  this  reason,  we  ignore  the 
results  of  the  tests  on  the  concrete  in  wdiich  it  was 
used,  we  still  find  the  time  required  to  produce  concrete 
of  the  required  quality  to  be  markedly  longer  when  the 
medium-strength  cement  (which  passed  all  A.  S.  T.  M. 
requirements)  was  used  than  when  the  high-strength 
cement  was  employed. 
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Fig.  2. — Relation  Between  Quality  of  Cement  a.s 
Shown  by  Routine  Tensile  Tests  of  Briquettes  and 
THE  Quality  of  Concrete  (1:2:  3J^  by  Volume)  for 
Three  Grades  of  Portland  Cement 

Referring  now  to  Figure  2,  it  will  be  observed  that 
there  is  a  very  interesting  relation  between  the  results 
of  briquette  tests  on  the  three  cements  at  7  and  28 
days  and  the  results  of  the  various  concrete  tests  at 
the  same  periods.  There  appears  to  be  a  very  defi- 
nite relation  between  briquette  strength  and  concrete 
strength  at  corresponding  ages.  This  relation,  more- 
over, applies  to  all  three  types  of  concrete  tests.  It 
will  not  be  asserted,  of  course,  that  these  results  are 
sufficient  to  warrant  any  conclusions  of  a  general  nature. 
It  is  believed,  however,  that  the  meagerness  of  the  data 
presented  is  to  a  certain  extent  balanced  by  the  remark- 
able concordance  of  the  results  obtained,  so  that  they 
may  be  said  to  be  at  least  indicative  and,  therefore,  of 
value  in  suggesting  a  field  for  additional  and  more  ex- 
tensive research. 


REPORT    AVAILABLE   ON   RUN-OFF   FROM    SMALL 
AGRICULTURAL  AREAS 

An  article  entitled  "Run-off  from  small  agricul- 
tural areas,"  by  C  E.  Ramser,  drainage  engineer, 
reprinted^  from  the  Journal  of  Agricultural  Research, 
volume  34,  No.  9,  will  be  of  interest  to  highway  engi- 
neers. The  report  deals  with  rainfall  and  run-ofl" 
measurements  made  on  six  watersheds  ranging  in  area 
from  13^  to  112  acres  in  Madison  County,  Tenn.  The 
results  are  applicable  to  the  design  of  all  types  of 
drainage  structures  where  similar  conditions  exist. 
Copies  of  this  report  may  be  obtained  without  charge 
from  the  Office  of  Information,  United  States  Depart- 
ment of  Agriculture. 


CAPPING    SQUARE    FOR    CONCRETE   COMPRESSIVE 

STRENGTH  SPECIMENS 

By  F.  V.  REAGEL,  Engineer  of  Materials,  Missouri  State  Highway  Department 

The  road  materials  testing  laboratory  of  the  Missouri  structing  the  framework  to  prevent  warping,  and  the 
State  Highway  Department  has  for  some  time  been  inside  faces  are  lined  with  16-gauge  metal.  The  slot 
using  a  device  for  capping  concrete  cylinders  for  com-  shown  just  above  the  base  is  to  receive  a  square  metal 
pression  tests  which  gives  the  specimens  a  imiform  plate,  from  three-eighths  to  one-half  inch  in  tliickness, 
bearing  and  at  the  same  time  permits  the  work  to  be    on  which  the  specimens  are  capped.     For  convenience 

in  handling,  three  rivet  or  bolt  heads  are  inserted  in 

the  bottom  of  the  plate. 

CYLINDERS  CAPPED  ACCURATELY  AND  RAPIDLY 

The  plate  upon  which  the  specimen  is  to  be  capped 
is  first  given  the  usual  coating  of  oil  to  prevent  sticking. 
Sufficient  capping  material  for  one  cap  plus  a  slight 
excess  is  then  deposited  upon  the  plate.  The  plate  is 
shoved  into  the  corner  snugly,  the  groove  at  the  bottom 
allowing  the  specimen  to  rest  against  the  corner  and 
still  remain  near  the  center  of  the  plate.  The  specimen 
is  lowered  upon  the  capping  material  with  a  rotating 
motion  under  considerable  pressure,  the  motion  finally 
ending  with  the  specimen  resting  snugly  against  each 
side  of  the  corner  of  the  capping  square.  The  rotating 
motion  serves  to  squeeze  out  the  excess  capping  ma- 
terial which  is  rapidly  worked  up  around  the  outside 
of  the  specimen.  A  large  trowel  is  then  inserted  under 
the  plate  and  the  plate  and  specimen  set  aside  until 
the  cap  has  hardened. 


ASSEMBLY 


Fig.    1. 


PLAN 

-Showing    Details    of    Construction    of    Capping 
Square 

done  rapidly.  This  device  was  developed  by  A.  D. 
Conrow,  formerly  assistant  testing  engineer  and  now 
employed  in  the  same  capacity  by  the  Kansas  Depart- 
ment of  Highways.  Comments  of  visiting  engineers 
have  indicated  that  the  method  which  has  been 
developed  will  be  of  general  interest  to  testing  engineers. 
Figure  1  shows  the  details  of  design  of  the  apparatus, 
and  with  this  guide  it  can  be  constructed  at  small 
expense.     Well-seasoned  wood  should  be  used  for  con- 


Capping  Square  in  Use  and  Capped  Specimens 

As  soon  as  the  cap  has  sufficiently  hardened  the  plate 
is  loosened  by  tapping  lightly  against  the  edge,  and 
the  process  is  repeated  with  the  other  end  of  the  speci- 
men upon  the  plate.  Using  this  method,  one  operator 
can  cap  about  80  specimens  on  each  end  per  day  and 
the  resulting  specimens  will  have  uniformly  parallel 
ends. 

The  capping  materials  in  use  at  present  are  a  mixture 
of  plaster  of  Paris  and  Portland  cement  for  hand-cast 
specimens  and  a  1  to  3  mortar  of  Lunmite  cement  and 
sand  for  the  more  irregular  field-drilled  specimens. 

The  illustration  shows  the  capping  device  in  use. 
On  account  of  the  extreme  irregularity  of  some  speci- 
mens drilled  from  pavements,  this  process  is  not  always 
suitable  for  use  in  capping  each  end  of  the  specimen. 
In  such  cases  we  use  the  metal  collar  shown  on  the 
specimen  in  the  extreme  right  of  the  picture.  This 
collar  is  of  18-gage  metal  and  is  provided  with  two 
wing-nut  bolts  by  means  of  which  the  collar  may  be 
drawn  tightly  around  the  specimen.  Capping  material 
is  then  placed  within  the  collar,  building  up  the  entire 
specimen  to  the  height  of  the  longest  element  plus 
the  desired  thickness  of  cap. 
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operated  at  various  speeds  over  different  types  of  pave- 
ment and  artificial  obstacles.  Impact  forces  will  be 
measured  by  the  coil-spring  accelerometer  and  com- 
parisons made  where  all  conditions  are  constant  except 
the  type  of  wheel. 

GRADE-CROSSING  ACCIDENTS  TO  BE  STUDIED 

A  statistical  analysis  is  to  be  made  of  highway-rail- 
road grade-crossing  accidents  in  1926,  as  reported  by 
the  Class  I  steam  railroads  to  the  Interstate  Commerce 
Commission.  The  object  is  to  determine  the  relative 
frequency  of  grade-crossing  accidents  in  rural  and  urban 
areas.  The  data  may  be  used  later  in  an  attempt  to 
establish  the  correct  ratios  which  grade-crossing 
accidents  in  the  rural  areas  bear  to  the  total  of  all  the 
highway  accidents  in  those  areas.  It  is  also  desired  to 
discover  any  other  signficant  evidence  as  to  causes  and 
conditions  of  accidents  which  may  be  I'evealed  in  a 
mass  analysis  of  the  5,890  accidents  reported  in  1926. 

The  Bureau  of  Statistics  of  the  Interstate  Commerce 
Commission  has  on  file  a  complete  set  of  individual 
accident  reports  from  all  railroads  under  its  jurisdiction. 
Pertinent  data  will  be  transcribed  from  those  involving 
highway-railroad  grade  crossings  and  analyzed  by 
means  of  tabulating  machines. 

EFFECT  OF  GRADING  AND  TYPE  OF  CONCRETE  AGGREGATE  TO  BE 

STUDIED 

This  project  is  to  determine  how  quality  and  economy 
in  concrete  construction  are  effected  by  variations  in 
type  and  grading  of  coarse  aggregate.  It  is  planned 
to  obtain  a  number  of  representative  coarse  aggregates 
such  as  trap,  granite,  limestone,  sandstone,  and  dolo- 
mite rock,  and  glacial,  siliceous,  and  calcareous  gravels, 
and  blast-furnace  slag,  selecting  a  total  of  18  aggregates 
in  all.  These  are  to  be  prepared  in  six  dift'erent  grad- 
ings,  as  follows: 

Coarse  aggregate  gradations 


Six  new  highway  research  projects  have  been  initiated 
by  the  United  States  Bureau  of  Public  Roads  during 
the  current  year.  Announcement  has  been  in  previous 
issues  of  Public  Roads  of  the  Yadkin  River  bridge 
tests  and  of  tests  of  anchorage  and  bond  of  pile  heads 
in  concrete.  The  more  recent  projects  include  in- 
vestigations of  motor-truck  impact  as  influenced  by 
road  type,  motor-truck  impact  as  influenced  by  wheel 
type,  statistical  analysis  of  highway  grade  crossing 
accidents  in  1926,  and  the  effect  of  type  and  gradation 
of  coarse  aggregate  upon  the  flexural  strength  of  plain 
concrete. 

MOTOR-TRUCK  IMPACT  INVESTIGATIONS 

The  investigations  of  motor-truck  impact  as  in- 
fluenced by  road  type  and  as  influenced  by  wheel  type 
constitute  two  separate  but  related  investigations. 
The  first  of  these  is  for  the  purpose  of  determining  the 
cushioning  properties  of  the  various  road  types  under 
controlled  conditions  of  motor-truck  impact.  A  num- 
ber of  road  types  such  as  plain  concrete,  sheet  asphalt 
on  concrete  base,  bituminous  concrete  on  concrete  base, 
and  penetration  macadam  will  be  selected  in  the  vicinity 
of  Washington,  and  on  these  sections  motor-truck  im- 
pacts will  be  produced  identical  as  to  conditions  of 
drop,  load,  and  tire  equipment.  Comparison  between 
pavement  types  will  then  be  made  on  the  basis  of  the 
magnitude  of  the  impact  developed  on  each  under 
exactly  comparable  test  conditions.  Any  cushioning 
properties  inherent  in  the  pavement  types  should  tend 
to  decrease  the  magnitude  of  the  impact. 

Two  methods  are  possible  for  producing  the  impact 
forces.  The  iippact  machine  which  has  been  in  use 
for  some  years  on  the  slab  impact  tests  can  be  made 
portable.  This  machine  is  designed  to  give  a  wide 
range  of  impact  blows,  and  measurement  would  be 
made  of  the  height  of  drop  of  a  wheel  representing  vari- 
ous conditions  of  truck  load  and  equipment  and  the  im- 
pact reaction.  It  is  also  planned  to  have  a  truck  used 
in  other  impact  investigations  pass  over  artificial  ob- 
structions and  to  compute  the  impact  forces  produced 
from  the  record  of  an  accelerometer  attached  to  the 
truck.  The  first  tests  will  probably  be  made  under 
conditions  representing  a  worn  tire  and  heavy  truck; 
and  if  the  differences  in  impact  reactions  warrant, 
the  program  will  be  amplified  to  include  other  condi- 
tions. The  tests  on  bituminous  types  will  include  as 
wide  a  range  as  possible  of  temperature  conditions. 

The  investigation  to  determine  the  relative  cushion- 
ing effect  of  various  types  of  motor-truck  wheels  will  Flexure  tests  are  to  be  made  on  cantilever  beams 
be  similar  to  but  less  extensive  than  the  recently  com-  made  of  concrete  with  the  above  coarse  aggregate  types 
pleted  tests  with  various  tire  equipments.  Wheels  to  and  gradings  as  the  only  variables.  Four  mixes  are  to 
be  tested  will  include  steel  disk,  wood  spoke,  and  cush-  be  used  ranging  from  1 : 1 J^:  3  to  1:2:4,  making  a  total 
ion  types.  of  432  combinations. 

A  2-ton  truck  will  be  loaded  so  as  to  have  2,500        Accurate  measurements  of  yield  will  be  made  on  all 
pounds  on  each  rear  wheel  and  later  5,000  pounds  on    combinations.     Compression  tests  will  also  be  made, 
each  rear  wheel,  and  equipped  with  dual  pneumatic,    using  the  fractured  prisms  resulting  from  the  ffexure 
dual  new  cushion,  and  dual  worn  sohd  tires,  and  will  be    tests.     All  tests  will  be  made  at  28  days. 
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Grading  No. 

Total  passing,  square  opening 

}'8-inch 

Ji-inch 

^-inch 

iM-inch 

2-ineh 

1. 

Per  cent 
0 
0 
0 
0 
0 
0 

Per  cent 
0 
0 
5 
5 
10 
10 

Per  cent 
15 
30 
45 
45 
65 
100 

Per  cent 
40 
55 
70 
100 
100 
100 

Per  cent 
100 

2 

100 

3 

100 

4. *.• 

100 

5 

100 

6 

100 
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Applicants  are  urgently  requested  to  ask  only  for  those  publications  in 
which  they  are  particularly  interested.  The  Department  can  not  under- 
take to  supply  complete  sets  nor  to  send  free  more  than  one  copy  of  any 
publication  to  any  one  person.  The  editions  of  some  of  the  publications 
are  necessarily  limited,  and  when  the  Department's  free  supply  is 
exhausted  and  no  funds  are  ai'ailabte  for  procuring  additional  copies, 
applicants  are  referred  to  the  Superintendent  of  Documents,  Govern- 
ment Printing  Office,  this  city,  who  has  them  for  sale  at  a  nominal  price, 
under  the  law  of  January  12,  1895.  Those  publications  in  this  list,  the 
Department  supply  of  which  is  exhausted,  can  only  be  secured  by  pur- 
chase from  the  .Superintendent  of  Documents,  who  is  not  authorized 
to  furnish  publications  free. 

ANNUAL  REPORTS 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1924. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1925. 

DEPARTMENT  BULLETINS 

No.  105D.  Progress  Report  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1913. 
*136D.  Highway  Bonds.     20c. 
220D.   Road  Models. 

257 D.  Progress  Report  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1914. 
*314D.   Methods  for  the  Examination   of  Bituminous  Road 

Materials.     10c. 
*347D.   Methods    for    the    Determination    of    the    Physical 

Properties  of  Road-Building  Rock.     10c. 
*370D.   The    Results    of    Physical    Tests    of    Road-Building 
Rock.     15c. 
386D.   Public  Road   Mileage   and  Revenues   in   the  Middle 

Atlantic  States,  1914. 
387D.  Public  Road  Mileage  and  Revenues  in  the  Southern 

States,    1914. 
388D.  Public    Road    Mileage    and    Revenues    in    the    New 

England  States,  1914. 
390D.  Public  Road   Mileage  and  Revenues   in    the  United 

States,  1914.     A  Summary. 
407D.  Progress  Reports  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1915. 
*463D.   Earth,  Sand-Clay,  and  Gravel  Roads.     15c. 
*532D.  The    Expan.sion    and   Contraction    of   Concrete   and 

Concrete  Roads,     10c. 
*537D.  The    Results    of    Physical    Tests    of    Road-Building 
Rock  in  191B,  Including  all  Compression  Tests,  5c. 
*583D.   Reports    on    Experimental     Convict     Road     Camp, 

Fulton  County,  Ga.     25c. 
*660D.  Highwav  Cost  Keeping.     10c. 
*670D.  The    Results    of    Phvsical    Tests    of    Road-Building 

Rock  in  1916  and  1917.     5c. 
*691D.  Typical  Specifications   for    Bituminous    Road   Mate- 
rials.    10c. 
*724D.  Drainage    Methods    and     Foundations    for    County 
Roads.     20c. 
*1077D.  Portland  Cement  Concrete  Roads.     15c. 
*1132D.  The    Results    of    Phvsical    Tests    of    Road-Building 
Rock  from  1916  to  1921,  Inclusive.     10c. 


DEPARTMENT  BULLETINS— Continued 

No.l259D.  Standard  Specifications  for  Steel  Highway  Bridges, 
adopted  by  the  American  Association  of  State 
Highway  Officials  and  approved  by  the  Secretary 
of  Agriculture  for  use  in  connection  with  Federal-aid 
road  work. 

1279D.  Rural  Highwav  Mileage,  Income,  and  Expenditures, 
1921  and  1922. 

1486D.   Highway  Bridge  Location. 


No. 


No. 


DEPARTMENT  CIRCULARS 

94C.  TNT  as  a  Blasting  Explosive. 
331C.  Standard  Specifications   for  Corrugated   Metal  Pipe 
Culverts. 

MISCELLANEOUS  CIRCULARS 

62M.  Standards  Governing  Plans,  Specifications,  Contract 
Forms,  and  Estimates  for  Federal  Aid  Highway 
Projects. 

Direct  Production  Costs  of  Broken  Stone. 

Federal  Legislation  Providing  for  Federal  Aid  in 
Highway  Construction  and  the  Construcion  of 
National  Forest  Roads  and  Trails. 


93M. 
105M. 


FARMERS'  BULLETINS 


No.  *338F.   Macadam  Roads.     5c. 

*505F.  Benefits  of  Improved  Roads. 


5c. 


SEPARATE  REPRINTS  FROM  THE  YEARBOOK 

No.   *739Y.  Federal  Aid  to  Highways,  1917.     5c, 
*849Y.   Roads.     5c. 
914Y.   Highways  and  Jlighway  Transportation. 

REPRINTS  FROM  THE  JOURNAL  OF  AGRICULTURAL  RESEARCH 


Vol.     5,  No.  17,  D-  2. 


Vol.     5,  No.  19,  D-  3. 


Vol.     5,  No.  24,  D-  6. 
Vol.     6,  No.     6,  D-  8. 


Vol.  10,  No.     5,  D-12. 


Vol.  11,  No.  10,  D-15. 


EfTect  of  Controllable  Variables  upon 
the  Penetration  Test  for  Asphalts  and 
Asphalt  Cements. 

Relation  Between  Properties  of  Hard- 
ness and  Toughness  of  Road-Building 
Rock. 

A  New  Penetration  Needle  for  Use  in 
Testing  Bituminous  Materials. 

Tests  of  Three  Large-Sized  Reinforced- 
Concrete  Slabs  Under  Concentrated 
Loading. 

Influence  of  Grading  on  the  Value  of 
Fine  Aggregate  LTsed  in  Portland 
Cement  Concrete  Road  Construction. 

Tests  of  a  Large-Sized  Rcinforced-Con- 
crete  Slab  Subjected  to  Eccentric 
Concentrated  Loads. 


Department  supply  e.\hausted. 
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LIGHT  ASPHALTIC  OIL  ROAD  SURFACES 

Reported  by  C.  L.  McKESSON,  Materials  and  Research  Engineer,  California  Department  of  Public  Works,  Division  of  Highways,  and  W.  N.  FRICKSTAD,  Highway 

Engineer,  United  States  Bureau  of  Public  Roads  ' 


IN  ALL  States  the  problem  of  developing  satisfactory 
types  of  surface  for  light-traffic  roads  is  an  impor- 
tant one  because  of  the  large  mileage  of  such  roads 
in  the  county  and  local  systems,  and  even  in  the  sys- 
tems that  are  set  apart  for  improvement  by  the  States. 

In  the  Western  States  the  need  for  such  types  of 
construction  is  felt,  perhaps  more  sharply  than  in  other 
sections,  not  only  because  of  the  somewhat  more  exten- 
sive mileage  on  which  traffic  is  now  and  will  remain 
light,  but  also  because  similar  forms  of  construction 
are  needed  for  the  initial  improvement  of  a  very  con- 
siderable mileage  upon  which  a  rapid  increase  of  traffic 
is  expected.  On  roads  of  the  latter  class  the  inexpen- 
sive surface  is  regarded  as  merely  a  first  stage  of  im- 
provement, to  be  replaced  as  traffic  demands  and 
funds  become  available;  but  for  the  present  the  prob- 
lem is  one  of  improving  the  service  of  such  roads  at 
minimum  expense  in  order  that  the  benefit  may  be 
quickly  and  widely  distributed  over  a  large  mileage. 

To  meet  this  need  the  States  of  the  West  have  built 
in  recent  years  many  miles  of  traffic-bound  metaled 
roads,  the  surfacing  material  of  which  is  finely  crushed 
rock  or  gravel.  Differing  from  waterbound  macadam 
in  several  aspects  this  type  has  practically  supplanted 
true  macadam  because  it  is  less  expensive  in  first  cost 
and  more  readily  maintained  under  traffic.  However, 
such  surfaces  wear  rapidly  under  traffic,  and  highway 
authorities  are  becoming  seriousl}^  concerned  at  the 
mounting  cost  of  renewing  the  road  metal.  Also,  the 
dust  nuisance  is  very  annoying,  costly  and  even  dan- 
gerous, and  the  cost  of  operating  vehicles  upon  these 
surfaces  is  rather  high. 

Recognizing  the  objectionable  featui'es  of  pi'esent 
practices,  and  convinced  of  the  necessity  of  developing 
satisfactory  types  of  highway  surfacing  intermediate 
between  ordinary  gravel  and  sand-clay  and  the  expen- 
sive pavement  types,  and  having  in  mind,  especially, 
the  need  of  such  types  in  the  Western  States,  the 
LTnited  ^States  Bureau  of  Public  Roads  and  the  Cali- 
fornia Highway  Commission,  in  1926,  undertook  the 
cooperative  investigation  of  which  the  preliminary  find- 
ings are  presented  in  this  report. 

The  particular  purposes  of  the  investigation  were  to 
detemiine  the  service  value  that  may  be  expected  of 
fine  crushed  rock  and  gravel  surfaces;  to  ascertain  what 
methods  might  be  employed  to  conserve  material  and 
increase  serviceability  "by  the  use  of  bituminous 
material;  and  to  study  their  value  as  bases  for  higher 
types  of  less  cost  than  the  plant-mixed  surfaces. 
Rather  than  undertake  experimental  construction,  it 
was  hoped  the  solution  would  be  found  in  an  examina- 
tion and  analysis  of  surfaces  already  existing. 

The  first  effort  upon  inauguration  of  the  study  was 
the  accumulation  of  data  regarding  successful  and 
unsuccessful  examples  of  the  respective  types,  records 
of  processes  and  materials,  cost  data,  weather  and  soil 
information,  service  history,  and  maintenance  methods 
and  costs.  These  examples  were  found  to  fall  within 
three  natural  groups: 

1  B.  A.  Anderton,  formerly  of  the  Bureau  of  Public  Roads,  collaborated  in  the 
field  investigations  on  which  this  report  is  based. 
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1.  Untreated  surface,  generally  of  the  fine  crushed 
rock  or  gravel  type. 

2.  Roadway,  either  natural  soil  or  metaled,  treated 
with  "light"  or  "fuel"  asphaltic  oil,  material  which 
can  be  applied  at  atmospheric  temperature  or  by  gentle 
warming. 

3.  Metaled  roadways  treated  with  "road"  oil  or 
with  soft  grades  of  asphalt. 

The  multiplicity  of  roadway  types  within  the  field  of 
the  study  even  when  limited  to  the  Western  States,  has 
made  clear  that  much  time  will  be  reciuired  to  complete 
the  work  undertaken.  In  the  meantime,  the  disadvan- 
tages of  untreated  surfaces  have  become  all  too  apparent 
and  everywhere  there  is  a  desire  to  find  the  remedy  at 
the  earliest  possible  date.  Many  experiments  are 
being  imdertaken,  some  of  which  repeat  methods 
discarded  elsewhere.  Therefore  a  progress  report  has 
been  prepared  for  publication  by  the  California  Division 
of  Highways,  and  the  essential  portions  of  this  report 
are  reproduced  in  this  article.  This  is  done  to  make 
immediately  available  to  highway  authorities  certain 
information  that  has  been  gathered  as  to  the  use  of 
"light"  asphaltic  oil  residuum  in  the  two  Pacific  coast 
States  of  Oregon  and  California.  Field,  office,  and  labor- 
atory data  pertaining  to  the  secoad  group  of  examples 
above  mentioned  are  presented  and  discussed ;  and  suffi- 
cient data  pertaining  to  the  first  group,  "Untreated 
surfaces,"  are  included  to  tie  the  main  subject  to  the 
present  construction  and  maintenance  situation. 

Although  "road"  oils  and  soft  asphalts  overlap  the 
field  of  "fuel"  oil,  and  some  mention  thereof  will 
necessarily  find  its  way  into  this  progress  report,  the 
use  of  the  former  has  not  been  examined  sufficiently  to 
warrant  presentation  aU  this  time.  The  study  of  siu-- 
faee  treatments  with  the  heavier  asphaltic  products, 
and  the  possibility  of  utilizing  existing  crushed  rock 
and  gravel  surfaces  as  bases  for  bituminous  macadam 
construction,  are  the  purposes  of  the  extension  of  the 
investigation.  Consequently,  no  general  conclusions  as 
to  relative  utility  of  types  are  yet  formulated.  Such 
conclusions  as  are  here  presented  relate  to  the  scope 
of  this  progress  report  only. 

FINE   CRUSHED   ROCK   AND    GRAVEL  SURFACES 

As  commonly  constructed,  the  fine  crushed  rock  and 
gravel  surfaces  are  built  in  two  courses  to  a  total  thiclv- 
ness  of  about  6  inches.  The  maximum  size  of  the  base 
stone  is  approximately  l}/^  inches  and  that  of  the  top 
course,  1  inch  or  %  inch.  Crusher-run  material  is 
used  for  both  courses — often  with  an  admixture  of  clay 
or  other  binder — and  both  courses  are  compacted  under 
traffic,  the  construction  trucking  being  utilized  as  mucli 
as  possible  for  this  purpose. 

Such  surfaces  are  maintained  by  frequent  blading 
or  dragging  or  by  a  combination  of  the  two.  Ideally, 
there  should  be  maintained  on  the  surface  of  the  road 
a  light  mulch,  consisting  of  about  half  an  inch  of  loose 
fine  material  to  protect  the  compacted  metal  beneath; 
and  the  constant  working  of  this  fine  material  across 
the  surface  has  been  found  effective  as  a  means  of  pre- 
venting the  formation  of  pits  and  corrugations. 

125 


126 


PUBLIC    KOADS 


Vol.  8,  No.  7 


Tntonded  for  li<>;ht  traffic,  and  serving  best  where  the 
traffic  does  not  exceed  800  vehicles  per  day,  these  roads 
can  usually  he  kept  smooth  at  a  yearly  cost  of  about 
$1  per  mile  for  each  unit  of  average  daily  traffic.  For 
example,  a  road  carrying  an  average  traffic  of  300  ve- 
hicles per  day  can  be  kept  smooth  at  a  cost  of  about 
$300  per  mile  per  year. 

This,  however,  does  not  include  the  cost  of  replacing 
the  material  worn  from  the  surface  by  the  traffic,  a  loss 
which  is  very  considerable,  and  which,  with  the  ac- 
companying dust  nuisance,  is  perhaps  the  most  serious 
objection  to  the  types.  Estimating  from  the  interval 
between  resurfacing  operations  and  the  amount  of  metal 
added,  reports  received  indicate  that  from  1  to  1 34 
inches  of  metal  will  be  removed  in  a  year  by  a  traffic 
of  500  vehicles  a  day.  It  is  possible  that  these  are 
extreme  cases,  and  that  the  heavy  loss  indicated  is  the 
result  of  imperfect  compacting  or  the  use  of  inferior 
material;  but  even  if  the  estimates  be  heavil}'  dis- 
counted, and  the  loss  be  assumed  to  average  no  more 
than  three-fourths  inch  of  compacted  material  a  year, 
the  annual  cost  of  replacement,  at  $2.50  per  cubic 
yard,  loose  measurement,  will  be  $750  a  mile  of  18-foot 
surface.  Adding  to  this  the  $500  per  mile  required  for 
ordinary  maintenance,  the  total  annual  cost  of  upkeep 
for  an  18-foot  roadway,  carrying  500  vehicles  a  day,  is 
found  to  be  no  less  than  ."?  1,250  a  mile;  and  this  is  a 
conservative  figure,  as  indicated  by  the  detailed  cost 
data  to  be  found  elsewhere  in  this  report. 

The  other  objections  that  have  been  raised  against 
the  type  are,  (1)  that  the  tractive  resistance  of  the 
surface  is  high,  and  (2)  that  it  causes  heavy  tire  wear. 

Recognizing  these  defects,  the  Oregon  State  High- 
way Commission,  in  1923,  conducted  experiments  with 
a  view  to  developing  methods  of  treating  the  fine 
crushed  metal  with  bituminous  materials  to  improve  its 
service  and  reduce  the  heavy  loss  by  attrition;  and  the 
successful  use  in  these  experiments  of  a  light  asphaltic 
residual  oil,  known  locally  as  "fuel  oil"  led  to  the  use 
of  the  material  for  the  treatment  of  several  hundred 
miles  by  the  commission  in  1924,  1925,  and  1926. 

Impressed  by  the  Oregon  experience,  the  California 
Division  of  Highways  conducted  similar  experiments  in 
1925,  W'hich  were  followed  by  the  oiling  of  190  miles  of 
State  highway  in  1926,  and  by  the  scheduling  of  about 
700  miles  for  oiling  in  1927;  and  the  Washington  and 
Idaho  State  Highway  Departments  also  treated  experi- 
mental sections  in  1926,  using  methods  adapted  from 
Oregon  practice. 

OIL    TREATMENT    OF   FINE    CRUSHED    ROCK    AND    GRAVEL    ROADS 

Two  general  methods  of  treatment  have  been  de- 
veloped, which  may  be  described,  respectively,  as  the 
method  of  surface  treatment,  and  the  method  of  surface 
mixing.     These  are  briefly  described  as  follows: 

Surface  treatment  method. — This  treatment  as  prac- 
ticed in  Oregon  and  California  contemplates  the  im- 
pregnation of  the  upper  portion  of  a  compacted  fine 
crushed  rock  or  gravel  road  with  light  asphaltic  oil. 
The  process  resembles  the  ordinary  surface  treatment 
of  macadam  when  light  oils  or  tars  are  used,  but  differs 
from  surface  treatments  with  heavy  oils  in  that  there 
is  no  formation  of  a  distinct  mat  of  stone,  chips,  and 
binder.  For  practical  i-easons,  some  cover  material  is 
commonly  used,  but  the  amount  is  usually  limited, 
and  the  light  oil  so  penetrates  the  road  crust  that  there 
IS  finally  little  left  on  the  surface  to  be  absorbed  by  the 
application  of  chips. 


The  first  step  in  this  process  is  the  thorough  sweep- 
ing of  the  existing  road  surface  with  a  power  broom, 
supplemented  by  hand  brooming  if  necessary,  to  re- 
move all  loose  material  and  scales  of  fines  and  expose 
the  compacted  rock  surface.  The  light  oil  is  then 
applied  under  pressure  at  the  rate  of  about  three-tenths 
of  a  gallon  per  square  yard  and  allowed  to  penetrate, 
the  time  required  depending  upon  the  texture  of  the 
surface  and  the  viscosity  of  the  oil.  Usually  two  or 
three  days  is  sufficient,  during  which  time  the  road  is 
closed  to  traffic  if  practicable.  At  this  stage  in  Oregon 
small  imperfections  in  the  surface  are  repaired  with  a 
lean  mixture  of  oil  and  aggregate. 

When  the  first  application  of  oil  has  thoroughly 
penetrated,  a  second  is  spread  at  the  rate  of  about 
two-tenths  of  a  gallon  per  square  yard,  and,  as  before, 
is  allowed  to  stand  for  several  days  wnthout  traffic  if 
possible,  while  the  oil  is  being  partially  absorbed. 
The  treatment  is  completed  by  spreading  stone  chips 
over  the  surface  before  the  road  is  opened  to  traffic, 
and,  if  vehicles  can  not  longer  be  kept  off,  the  chips 
are  spread  immediately  after  the  second  api^lication 
of  oil.  The  quantity  of  cover  material  usually  used 
ranges  from  K)  to  25  pounds  per  square  yard  depending 
upon  the  viscosity  of  tire  oil  and  whether  or  not  the 
road  is  to  be  opened  to  traffic  immediately.  The  larger 
amount  is  necessary  if  the  road  is  to  be  opened  immed- 
iately; and  oils  of  high  viscosity  require  more  cover 
than  the  thinner  oils. 

There  is  a  tendency  in  some  places  to  modify  the 
surface  treatment  method  described  by  substituting 
heavy  road  oil.  As  before  stated,  no  recommendations 
have  yet  been  formulated  on  this  subject.  It  should 
be  pointed  out,  however,  that  heavy  road  oil  is  more 
costly  than  "fuel  oil,"  demands  more  equipment  and 
better  technic  in  application,  and  recfuires  from  100 
to  200  cubic  yards  per  mile  of  screenings  for  cover. 

Surface  mixing  method. — In  the  method  of  surface 
mixing,  the  surface  of  the  previously  constructed  fine 
crushed  rock  or  gravel  road  is  first  scarified  to  a  uni- 
form depth  of  1  ^4  to  3  inches  according  to  the  thick- 
ness of  bituminous  surface  desired.  The  light  asphaltic 
residual  oil  is  then  applied  in  two  or  three  applications, 
each  consisting  usually  of  about  one-half  gallon  per 
square  yard;  and  after  each  application  the  oil  and 
loose  stone  are  partially  mixed  with  a  disk  cultivator 
or  spring-tooth  harrow,  or  both.  The  material  is 
then  bladed  repeatedly  into  windrows  and  respread 
until  a  uniform  color  is  attained.  It  is  finally  spread 
to  tlie  desired  crown  and  the  road  is  then  opened  and 
continually  dragged  or  bladed  while  it  is  being  com- 
pacted by  the  traffic. 

Road;?  treated  by  these  methods  are  of  distinctive 
type  and  are  not  to  be  confused  with  roads  treated 
for  dust  palliative  purposes.  In  appearance  they 
resemble  other  asphaltic  surfaces.  Skillfully  pre- 
pared and  treated,  their  smoothness  shortly  after  com- 
pletion, as  indicated  by  "roughoineter"  readings,  is 
equal  to  that  of  the  best  pavements.  When  well 
maintained,  the3^  appear  to  rate  with  good  bituminous 
macadam;  but,  at  their  worst,  when  maintenance  is 
neglected  or  w-hen  the  surfacing  material  or  its  condi- 
tion at  the  time  of  treatment  is  poor,  they  may  become 
intolerably  rough.  There  is  no  dust,"  and"^  tractive 
resistance  and  tire  wear  are  both  low. 

In  the  progress  report  which  follows  there  are  de- 
scriptions of  what  appear  to  be  the  best  methods  of 
constructing  and  maintaining  fine  crushed  rock  and 
gravel  surfaces  and  of  treating  them  with  light  asphaltic 
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residual  oils  according  to  the  two  general  processes  that 
have  been  developed.  Comparative  initial  and  annual 
cost  data  are  presented  to  show  the  relative  economy  of 
treated  and  untreated  roads;  and  observations  of  the 
character  and  condition  of  a  number  of  roads  are  re- 
ported to  show  the  effects  of  traffic,  moisture  and  cli- 
matic conditions,  quality  of  materials  and  their  avail- 
ability, upon  the  cost  and  serviceability  of  the  roads, 
as  a  guide  to  the  selection  of  one  type  or  another  under 
various  conditions. 

CONCLUSIONS 

Although  the  investigation  so  far  has  been  limited 
territorially  and  in  subject  matter  as  already  stated, 
progress  has  been  sufficient  to  justify  a  number  of  con- 
clusions, particularly  with  reference  to  the  economy  of 
the  light  oil  treatments  for  fine  crushed  rock  and  gravel 
roads,  and  the  essential  features  of  the  construction 
methods.  These,  which  are  set  forth  below,  are  based 
principally  upon  data  gathered  in  Oregon  and  Cali- 
fornia, but  the  climate,  topography,  soil,  traffic,  and 
costs  vary  so  widely  in  the  two  States  that  the  observa- 
tions have  a  rather  wide  application. 

The  principal  conclusions  are  as  follows: 

1.  Light  asphaltic  risidual  treatments  as  practiced  in 
Oregon  and  California  have  demonstrated  their  utility 
in  the  preservation  of  existing  metaled  road  surfaces, 
and  are  justified  in  places  where  the  cost  of  the  oil  is 
not  prohibitive. 

2.  Oil  treatment  has  substantially  reduced  mainte- 
nance and  replacement  charges  on  fine  crushed  rock 
and  gravel  roads  in  Oregon  and  California.  The  first 
cost  is  frequently  less  than  the  value  of  the  metal  lost 
yearly  from  the  same  road  before  treatment.  Mainte- 
nance after  oiling  will  probably  not  exceed  the  cost  of 
adequate  maintenance  of  the  untreated  surface,  ex- 
clusive of  the  replacement  of  metal. 

3.  Oil  treatment  improves  service  and  is,  therefore, 
popular  with  the  public.  It  eliminates  dust,  increases 
smoothness,  decreases  tire  wear,  and  lowers  fuel  con- 
sumption. 

4.  Any  road  in  Oregon  or  California  which  has  justi- 
fied improvement  with  a  fine  crushed  rock  or  gravel  sur- 
face warrants  the  additional  expense  of  a  light  oil  treat- 
ment, except  possibly  in  rare  instances  of  isolation, 
extraordinarily  cheap  material  supply,  or  low  service 
requirements.  Direct  financial  justification  will  gener- 
ally follow  a  comparison  of  the  estimated  maintenance 
after  treatment  plus  a  reasonable  annual  portion  of  the 
oiling  cost  with  the  known  maintenance  cost  prior  to 
oiling  plus  the  value  of  untreated  metal  destroyed 
annually. 

5.  An  efficient  maintenance  organization  is  essential 
to  the  success  of  light  oil  treatments.  Maintenance 
must  be  immediate  and  continuous,  otherwise  oiling 
will  be  unsuccessful  and  should  not  be  undertaken. 
While  proper  maintenance  is  stressed  as  a  prime  requi- 
site, the  total  annual  cost  is  less  than  that  of  untreated 
roads. 

6.  The  recorded  success  with  light  oils  should  not 
stop  continued  development  of  present  practices  or 
experimentation  with  heavy  asphalts.  However,  the 
most  that  can  be  expected  of  the  latter  is  some  further 
reduction  of  annual  costs,  particularly  where  traffic  is 
heavy,  and  that  possibility  can  not  justify  failure  to 
accept  and  use  present  methods  until  or  unless  better 
are  developed. 

7.  In  the  matter  of  new  construction  no  conclusions 
can  yet   be   formulated   as   to   the  relative  merits  of 


building  fine  crushed  rock  or  gravel  surfaces,  to  be 
immediately  oil-treated,  or  of  adopting  some  form  of 
bituminous  macadam. 

8.  Protection  of  vehicles  from  freshly  applied  oil  is 
indispensable;  otherwise,  damage  to  traffic  may  more 
than  offset  the  benefits  resulting  from  treatment. 

9.  Examples  of  oil- treated  natural  soil  roads  furnish 
impressive  figures  of  good  service  and  low  costs.  This 
type  has  a  larger  field  than  has  heretofore  been  realized 
where  soil,  climate  and  traffic  are  favorable.  It 
deserves  more  scientific  study  and  active  consideration. 

10.  Precautions. — The  immediate  improvement  that 
generally  follows  oil  treatment  has  sometimes  encour- 
aged a  feeling  that  almost  any  road  may  be  successfully 
treated  by  almost  any  method.  Subsequent  complete 
or  partial  failure  has  discredited  the  process.  The 
facts  are  that  success  will  be  proportionate  to  the  suit- 
ability of  physical  conditions,  intelligence  of  super- 
vision, and  skillfulness  of  workmanship.  The  following 
are  important  precautions  to  be  observed. 

(a)  Unless  there  is  a  maintenance  organization  accus- 
tomed to  giving  daily  attention  to  necessary  repairs, 
oiling  should  not  be  undertaken.  Delay  and  neglect 
cause  rapid  destruction  and  discredit  the  process  with 
the  public,  which  expects  more  of  an  oiled  than  of  an 
untreated  road.  The  success  in  Oregon  which  has  led 
to  renewed  interest  in  the  whole  subject  was  due  in 
large  measure  to  the  prior  development  of  an  efficient 
maintenance  organization. 

(6)  There  must  be  sufficient  thickness  of  metal  to 
carry  the  expected  traffic. 

(c)  The  width  of  the  stone  surfacing  should  be  ade- 
quate— rarely  less  than  18  feet.  Vehicles  turning  on 
and  off  the  oiled  surfaces  tend  to  crumble  the  edges. 

{d)  The  metal  must  be  compacted  completely  from 
top  to  bottom  if  the  method  of  surface  treatment  is  to 
be  used,  and  at  least  through  the  untreated  base  if  the 
surface-mixing  method  is  to  be  followed.  A  layer  of 
loose  material  between  base  and  mixed  top  may  cause 
rutting,  shoving,  or  breaking. 

(e)  For  surface  treatment,  repairs  should  be  com- 
pleted and  the  road  compacted  well  in  advance  of  oil- 
ing. Spots  escaping  attention  should  be  repaired  be- 
tween applications  of  oil. 

(/)  All  loose  material  and  scales  of  fines  must  be  re- 
moved before  the  oil  is  applied  to  the  surface.  Sweep- 
ing must  expose  clean  rock  or  gravel  firmly  embedded. 

{g)  The  texture  of  the  stone  surface  should  be  uni- 
form. Results  of  surface  treatment  will  be  poor  if 
portions  of  the  road  are  porous  while  other  portions 
are  impervious.  Minor  irregularities  will  disappear  in 
the  mixing  process,  but  large  areas  of  irregular  grading 
require  skillful  treatment. 

(h)  Asphaltic  materials  must  be  applied  uniformly 
under  pressure.  Streaks  and  omissions  will  be  a  con- 
stant source  of  future  trouble. 

(i)  California  asphaltic  residual  oil  does  not  evapor- 
ate under  atmospheric  conditions,  and  hardens  by  oxi- 
dation but  slowly.  Therefore,  excessive  applications 
should  be  avoided  during  construction  and  maintenance. 
This  precaution  is  now  better  observed  during  construc- 
tion than  formerly,  but  is  still  neglected  in  maintenance. 
Excess  oil  in  patching  causes  lumps  which  are  hard  to 
remove.  Reoiling  should  be  done  sparingly  and  only 
where  there  is  clearly  a  deficiency  in  oil. 

(j)  Cover  material  for  surface  treatment  should  be 
coarse  rather  than  fine.  Clean  chips  are  the  best  cover 
material.  Fine  material  tends  to  form  an  unstable 
mat  and  absorbs  oil  which  should  be  allowed  to  pene- 
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trate.      Success   with   the   surface-mixing   method  re-         (k)  Heavy  clay  binder  mingled  with  the  road  metal 

quires  sufficient  insert  fines  to  fill  all  voids.     If  not  greatly    reduces    the   probability   of   success   with   oil 

already  present  they  must  be  added.     Fuel  oil  will  not  treatment.    A  road  that  breaks  up  in  the  spring  or  that 

bind  clean,  coarse  material.  becomes  muddy  in  wet  weather  should  not  be  oiled. 

FINE  CRUSHED  ROCK  AND  GRAVEL  ROADS 


The  fine  crushed  rock  and  gravel  roads  which,  since 
the  war,  have  been  built  extensively  in  the  Western 
States  are  dift'erent  from  true  macadam  in  several 
particulars.  The  maximum  mechanical  bond,  obtained 
in  macadam  by  the  interlocking  of  carefully  sized 
broken  rock,  is  not  developed.  The  fine  surfacing 
material  is  bonded  under  traflfic,  frequently  with  the 
addition  of  filler  and  binder,  and  sometimes  with  water. 
The  usual  requirement  of  maximum  size  is  13^  inches 
for  the  base  course  and  1  inch  or  three-fourths  inch  for 
the  surface  course. 


Fig.  1. —  MixiMi  Road  Metal  and  Bijn'deh,  o.\e  of  the 
Processes  in  the  Construction  of  Fine  Crushed  Rock 
AND  Gravel  Roads 

TYPICAL   SPECIFICATIONS 


from     specifications     are 


The     following     extracts 
typical: 

Separation  of  fine  from  coarse  material. — In  the  hauling  of 
materials  the  contractor  shall  use  means  which  will  prevent,  as 
far  as  possible,  a  separation  of  the  fine  and  coarse  materials. 
So  far  as  possible  material  being  transferred  into  stock  piles, 
bins,  or  vehicles  shall  be  dropped  vertically. 

Size  of  materials. — Materials  for  the  base  cotirse  shall  all  pass 
a  li/^-inch  circular  opening  and  shall  be  well  graded  from  that 
size  to  dust,  containing  not  to  exceed  35  per  cent  of  material 
passing  a  ^-inch  screen.  Materials  for  the  top  course  shall  all 
pass  a  1-inch  circular  opening  and  shall  be  well  graded  from  that 
size  to  dust,  containing  not  to  exceed  35  per  cent  of  material 
passing  a  }^-inch  screen.  (Some  specifications  limit  the  size  to 
that  passing  a  ^-inch  opening  and  permit  50  per  cent  or  more 
passing  a  ^-inch  screen.) 

Dumping  on  roadway. — The  spreading  of  any  course  or  layer 
of  materials  shall  be  done  with  suitable  spreader  wagons  and 
dump  trucks  with  gauge  adjustments  to  give  the  proper  spread 
or  from  piles  dumped  along  the  road.  Mo  segregation  of  large 
and  fine  particles  will  be  allowed  and  the  materials  as  spread 
shall  be  free  from  pockets  of  large  or  fine  material. 

Hauling,  dragging,  etc. — With  the  view  of  securing  a  maximum 
amount  of  uniformly  compacted  surface,  the  contractor  will  be 
required,  as  far  as  practicable,  to  do  his  hauling  over  the  surfacing 
as  it  is  placed;  to  construct  the  surfacing  beginning  at  the  point 
of  loading  and  working  away  from  that  point;  to  construct  the 
entire  base  course  from  any  set-up  before  beginning  construction 
of  the  top  course  from  the  same  set-up;  and  to  thoroughly  drag 
the  surfacing  at  frequent  intervals  during  the  course  of  the 
construction. 


It  is  common  practice  to  require  manipulation  of  the 
surfacing  material  with  a  heavy  blade  grader  by  re- 
peatedly casting  into  windrows  and  respreading.  This 
is  for  the  purpose  of  correcting  segregation  of  materials 
and  improving  the  distribution  of  fines  and  binder 
uniformly  throughout  the  mass.  The  operation  is 
illustrated  by  Figure  1.  Even  where  water  is  expen- 
sive its  use  during  manipulation  of  material  is  fre- 
quently required  and  is  highly  advantageous. 

THE  COST  OF  THE  UNTREATED  ROADS 

The  fine  crushed  material  generally  ranges  in  cost 
from  $2  to  $3  a  cubic  yard,  measured  in  trucks  at  the 
point  of  delivery,  but  has  been  as  low  as  $1.20  and  more 
than  $5,  depending  upon  relative  availability  and 
length  of  haul.  The  quantity  used  ranges  from  1,200 
to  2,500  cubic  yards  per  mile;  and  the  normal  cost  is, 
perhaps,  $4,000  to  $6,000  per  mile  for  18-foot  width. 
Compared  with  gravel  roads  of  the  older  type  these 
surfaces  are  little  if  any  more  expensive  and  their 
riding  qualities  are  often  much  superior.  As  pre- 
viously stated,  they  cost  less  than  water-bound  ma- 
cadam and  are  more  readily  maintainable. 

Ordinary  maintenance  of  this  type  of  road  is  accom- 
plished with  a  road  drag  or  with  a  blade  grader  or  a 
combination  of  the  two.  Ideally,  the  road  should  have 
on  its  surface  a  light  mulch  of  about  half  an  inch  of 
loose,  fine  material  to  protect  the  compacted  metal. 
The  constant  working  of  the  fine  material  across  the 
road  is  a  most  eft'ective  precaution  against  the  forma- 
tion of  pits  and  keeps  corrugations  to  the  minimum. 

Frequently  the  available  surfacing  material  is 
deficient  in  cementing  properties  or  in  fines.  Because 
of  such  a  deficiency,  many  crushed  rock  and  gravel 
roads,  constructed  a  few  years  ago,  failed  to  compact 
under  traffic,  and  it  was  later  found  necessary  to  add 
cementitious  material.  More  recently  California  and 
Oregon  have  added  filler  or  binder  during  construction. 
Oregon  frequently  uses  about  6  cubic  yards  of  clay 
binder  per  100  feet  of  18-foot  surface,  which  is  approxi- 
mately 25  per  cent  of  the  top  course.  This  tends  to 
make  a  firm  surface  and  reduces  the  loss  under  traffic. 
A  mulch  is  not  required  under  such  circumstances,  and 
mainter^^ance  consists  of  scarifying  and  reworking  once 
or  twice  yearly  instead  of  systematic  and  continuous 
dragging.  A  road  so  bound  becomes  more  or  less  pitted 
and  potholed  prior  to  each  reworking,  and  is  susceptible 
to  damage  during  the  spring  season,  particularly  if  the 
binder  is  a  heavy  clay,  highly  retentive  of  moisture. 

The  road  metal  used  varies  widely  in  characteristics. 
Crushed,  hard  rock  is  much  preferred,  but  soft  crushed 
rock,  crushed  gravel,  and  even  water-worn  screened 
gravel  are  used  where  better  materials  are  unavailable. 

It  has  been  commonly  assumed  that  a  fine  crushed 
rock  or  gravel  road,  without  clay  binder,  built  of  average 
material  in  arid  territory  is  satisfactory  for  traffic  not 
exceeding  200  or  300  vehicles  per  day.  With  exception- 
ally good  material,  or  under  favorable  climatic  condi- 
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tions,  its  field  may  be  extended  to  400  or  even  500 
vehicles  per  day.  R.  H.  Baldock,  maintenance  engineer 
for  the  Oregon  highway  department,  estimates  that 
a  clay-bound  road  of  this  type  will  successfully  carry 
600  vehicles  per  day  in  arid  territory,  but  oppoVtunity 
to  verify  this  estimate  has  been  lacking. 

The  cost  of  maintenance  varies  widely  according  to 
traffic,  climate,  and  character  of  material,  but  even  more 
according  to  the  service  standards  of  the  authorities  in 
charge.  If  an  average  figure  must  be  set,  it  may  be 
estimated  at  $1  per  year  per  average  daily  vehicle  where 
the  traffic  ranges  from  200  to  500  vehicles  per  day. 
This  covers  ordinary  maintenance  alone;  that  is,  the 
preserving  of  a  smooth  surface  under  traffic.  It  does 
not  include  periodical  renewals  of  material. 

Advantages  and  disadmntaffes  oj fine  crushed  rock  and 
gravel  roads. — Fine  crushed  rock  and  gravel  roads,  by 
systematic  maintenance,  may  be  kept  smooth  under 
modern  automobile  traffic  more  readily  than  surfaces 
composed  of  coarse  material.  The  wear  under  traffic 
and  weather,  however,  is  rapid.  Steps  are  being  taken 
to  determine  definitely  the  wear  under  varied  conditions 
—  information  which  has  not  been  accjuired  heretofore. 
However,  various  State  highway  departments  have 
estimated  the  appro.ximate  wear  by  the  interval  be- 
tween resurfacing  operations  and  the  amount  of  mate- 
rial added  over  a  series  of  years,  and  these  estimates 
indicate  that  the  loss  of  material  is  large.  Wyoming 
and  Colorado  report  an  inch  of  material  lost  per  year 
under  traffic  of  200  or  300  vehicles  per  day  and  even 
higher  losses  in  districts  where  wind  is  unusually 
severe.  Wisconsin  reports  a  loss  of  1  to  1  ^  inches  per 
year  for  traffic  of  500  vehicles  per  day,  and  Oregon  and 
California  confirm  the  Wisconsin  figures. 

A  loss  of  1  inch  of  compacted  material  on  an  18-foot 
road  represents  approximately  400  cubic  yards  of  loose 
material  per  mile  which  will  cost  from  $800  to  $1,200  to 
replace. 

Assuming  a  daily  traffic  of  only  200  vehicles,  a  loss 
of  one-half  inch  per  year  at  $2.50  per  cubic  yard,  loose 
measurement,  and  disregarding  interest,  the  annual 
cost  of  maintaining  a  mile  of  fine  crushed  rock  or 
gravel  surface  may  be  estimated  as  follows:  Ordinary 
maintenance,  $200  per  year;  replacement,  200  cubic 
yards  at  $2.50,  $500;  total  $700.  This  is  $3.50  per 
daily  vehicle,  or  nearly  1  cent  per  vehicle-mile.     This 


dlustration  is  not  necessarily  an  average  case,  but  it 
shows  that  the  amounts  spent  year  bv  year  do  not 
represent  the  ultimate  maintenance  costs. 

With  good  road  metal  and  a  moist  but  not  excessively 
ramy  climate  the  replacement  cost  may  be  lower  than 
above  estimated.  With  poor  material  and  an  arid 
chmate  it  will  be  much  higher.  It  will  be  an  ex- 
traordinary case  where  the  item  of  replacing  destroyed 
material  is  not  as  high  as  ordinary  maintenance  and 
frequently  it  may  be  expected  to  be  two  to  four  times 
as  much.  It  is  an  item  frequently  overlooked  in  fixing 
annual  budgets,  accumulating  as  "deferred  main- 
tenance" until  resurfacing  is  required. 

Metal  is  removed  from  the  road  in  two  forms:  (1) 
Particles  thrown  to  shoulders;  and  (2)  dust  produced 
by  grinding  of  stone  on  stone.  A  considerable  portion 
of  the  loss  consists  of  particles  thrown  from  the  road ; 
and  the  dust  is  a  menace  to  the  traveling  public.  It  is 
intensely  disagreeable  on  a  heavily  traveled  road; 
sometimes  causes  accidents  by  obscuring  vision;  and 
damages  cylinders  and  bearings  in  motor  vehicles,  and 
causes  serious  financial  loss,  where  the  road  is  bordered 
by  farms,  villages,  or  resorts. 

Another  objection  to  the  fine  crushed  rock  or  gravel 
type  arises  from  excessive  tire  wear  and  rather  high 
tractive  resistance.  Measurements  made  during  the 
past  three  years  by  the  State  College  of  Washington  ^ 
indicate  that  tire  wear  from  four  to  five  times  asgreat 
as  that  caused  by  concrete  or  asphaltic  concrete  sur- 
faces may  be  caused  by  untreated  fine  crushed  rock 
surfaces  upon  which  a  loose  mulch  is  maintained ;  and 
the  same  tests  indicate  that  there  is  a  great  reduction 
in  the  amount  of  tire  wear  when  the  crushed  rock  sur- 
face is  treated  with  asphaltic  oil.  The  tests  are  not 
sufficiently  extensive  to  justify  acceptance  of  the  exact 
ratios  mentioned  but,  in  a  qualitative  way,  they  con- 
firm inferences  that  are  obvious  from  the  nature  of  the 
respective  types. 

Similarly,  studies  at  the  Iowa  State  College  ^  indicate 
that  the  gasoline  consumption  may  be  one-fourth  more 
on  a  gravel  road  than  upon  a  hard  pavement.  A 
similar  relation  presumably  prevails  between  the  fine 
crushed  type  and  oil-treated  roads. 

^Engr.  Bulletins,  Nos.  17  and  18.  Engineering  Experiment  Station  of  the  State 
College  of  Washington,  Pullman,  Wash. 

'I  Bulletin  No.  69.  "Highway  Transportation  Costs,"  Engr.  Exp.  Station,  Iowa 
State  College,  .\mes,  Iowa. 


Table  1. — Cost  of  ordinary  maintenance  and  value  of  metal  destroyed  by  traffic  on  fine  crushed  rock  and  gravel  roads  prior  to  oiling, 

in  Oregon  and  California 


Project 


Oregon: 

federal  Aid  No.  37 

Federal  Aid  No.  25_,_ 

Federal  Aid  No.  24 

Federal  .\id  No.  42 

Morrow  Umatilla  County  line  to  Echo. 
California: 

Iraper.al-27-B 

Imperial -26- .\ 

Imperial -26-F 

Imperial-2fi-G _ 

South  Boulevard-31-D 

South  Boulevard-31-E 


Daily 
traffic 


600 
470 
500 

450 

420 

1,000 
1,000 
2,500 
2,500 
500 
275 


Length 


Miles 
12.5 
14.81 
14.95 
6.80 
15.  08 
19.8 

14.07 

3.93 

.50 

8.81 

15.44 
9.55 


Time 
from 
construc- 
tion to 
resur- 
facing ' 


Montlis 
45 
42 
39 
30 
41 
51 

23 
30 
15 
10 
6 
6 


Ordinary  main- 
tenance 


I 

I 

Total     I  Cost  per 

expend  i-     mile  per 

ture  year 


2  $13, 976 
2  20, 140 
2  15, 138 

^  2  30,722 

:21,210 

4,826 
13,184 
957 
24,264 
20, 361 
11,326 


$372 
453 
338 

468 

357 

180 
1.342 
1,531 
3,310 
2,640 
2,372 


Loss  of  metal 


Depth 


Inches 


2.50 
3.48 
1.88 
2.25 

.78 
1.77 


Cost  per 
unit 


2.65 
4.53 
2.55 
2.55 
2.79 
2.79 


Unit 


Cubic  yard. 

do 

Ton 

do 

do 

do 


Value 


Per  mile 


2,222 


Per  mile 
per  year 


$1, 192 
3  174 
'386 

1,567 

1,265 

1,010 

1,890 
1,726 
3,097 
1,958 
4,444 


'  For  California  projects  the  time  is  from  construction  to  oiling. 

2  Three  complete  years,  1922,  1923,  and  1924. 

3  Restoration  incomplete. 


130 


PUBLIC    EOADS 


Vol.  8,  No.  7 


Fine  crushed  rock  and  gravel  roads  are  intended  for 
liglit  traffic,  generally  not  exceeding  300  vehicles  per 
day.  However,  lack  of  funds  for  heavier  construction 
or  the  need  of  temporary  surfacing  on  a  new  grade 
prior  to  paving  have  frequently  led  to  the  use  of  this 
type  for  heavy  traffic.  When  the  traffic  exceeds  the 
normal  volume  for  which  the  type  is  suitable,  main- 
tenance increases  in  proportion.  Sprinkling  is  a  com- 
mon device  introduced  at  this  stage.  Constant  addi- 
tion of  material  becomes  necessary  and  maintenance 
operations  seriously  interfere  with  traffic. 

Table  1  shows  losses  of  material  on  several  projects 
in  San  Bernardino  and  Imperial  Counties,  Calif.  The 
loss  of  material  is  indicated  by  the  amount  of  new 
material  it  was  found  necessary  to  apply  to  restore  the 
original  thickness  of  the  surface  when  it  was  being  pre- 
pared for  bituminous  treatment.  Estimated  in  this 
way,  no  account  is  taken  of  large  quantities  of  material 


added  between  the  date  of  original  construction  and 
bituminous  treatment;  yet  it  will  be  seen  that  even  on 
this  conservative  basis  the  loss  of  material  ranges  in 
value  from  $1,000  to  nearly  $4,450  per  mile  per  year, 
under  traffic  which  in  no  case  exceeded  2,500  vehicles 
per  day. 

To  summarize:  The  fine  crushed  rock  or  gravel  road 
is  a  type  that  can  be  built  at  relatively  low  cost;  is 
adaptable,  by  the  use  of  the  requisite  thickness  of 
material,  to  most  kinds  of  soil  and  weights  of  vehicle; 
and  can  be  kept  in  smooth  condition  by  a  reasonable 
expenditure  with  simple  tools  and  ordinary  skill. 
There  are  three  main  objections  to  its  use,  which  are, 
(1)  that  the  loss  of  material  imder  traffic  makes  it 
ultimately  a  very  expensive  type  of  surface,  (2)  that 
the  dust  is  a  serious  nuisance  and  often  costly,  and  (3) 
that  the  cost  of  operating  vehicles  over  it  is  high. 


SURFACE  OILING  OF  CRUSHED  ROCK  AND  GRAVEL  ROADS  IN  OREGON 


The  extensive  oil  treatment  program  in  Oregon  is  the 
outcome  of  an  attempt  m  1923  to  use  a  grade  of  oil 
known  locally  as  "fuel  oil"  as  a  dust  palliative.  A  sec- 
tion of  road  was  oiled  at  that  time  with  one-half  gallon 
per  square  yard.  The  section  thus  treated  was  so 
sticky  and  spattered  automobiles  so  badly  that  the 
remainder  of  the  road  that  season  was  given  a  somewhat 
lighter  treatment.  The  section  with  the  heavier  appli- 
cation, however,  turned  out  so  well  the  folio wmg  season 
that  R.  H.  Baldock,  then  division  engmeer,  now  main- 
tenance engineer  for  the  Oregon  Highway  Commission, 
carried  on  extensive  experiments  with  the  idea  of 
standardizing  the  treatment  so  that  it  could  be  eco- 
nomically and  safely  used  on  the  hundreds  of  miles  of 
crushed  rock  and  gravel  surfaces  in  eastern  Oregon, 
and  similar  experunents  were  carried  on  in  another 
division  under  the  direction  of  C.  W.  Wanzer,  division 
engineer.  The  experiments  were  regarded  as  success- 
ful, flnd  the  State,  in  response  to  the  wishes  of  enthu- 
siastic motorists,  has  carried  on  oiling  as  rapidly  as 
possible  on  all  roads  in  condition  for  treatment.  Over 
500  miles  were  reported  by  the  commission  as  having 
been  treated  up  to  the  close  of  1926. 

These  treated  Oregon  highways  are  typical  crushed 
stone,  crushed  gravel,  or  screened  gravel  roads  con- 
structed from  one  to  four  years  before  oiling.  Usually 
the  surface  as  originally  constructed  had  been  formed 
by  the  spreading  of  about  2,200  cubic  yards  of  the 
surface  metal  per  mile  to  a  width  of  16  to  20  feet. 
Normally,  the  base  course,  consisting  of  material  pass- 
ing a  l}/^-mch  circular  opening,  constituted  half  the 
finished  thickness,  the  wearing  course,  of  equal  depth, 
consisting  of  material  passing  a  three-fourths-inch 
circular  opening.  Usually  each  course  had  been  sub- 
jected during  construction  to  the  traffic  of  trucks,  had 
been  well  watered,  and  was  well  bound  at  the  comple- 
tion of  the  project. 

Most  of  the  projects  had  been  resurfaced  before 
treatment  to  replace  losses  caused  by  traffic  and 
weather,  but  the  resurfacing  had  not  in  all  cases 
restored  the  surfaces  to  their  original  condition.  On 
inspection  in  the  course  of  this  cooperative  investiga- 
tion, sections  were  found  of  which  the  thickness  was 


*  Throughout  this  investigation,  the  Oregon  State  Highway  Commission,  through 
Mr.  Roy  A.  Klein,  State  highway  engineer,  Mr.  R.  H.  Baldock,  maintenance  engi- 
neer, and  Messrs.  C.  W.  Wanzer  and  II.  C.  Smith,  division  engineers,  has  cooperated 
to  the  fullest  extent  by  furnishing  samples  of  materials  and  historical  and  financial 
data.     The  assistance  rendered  has  been  invaluable. 


only  3}/2  inches  and  others  of  varying  depths  between 
this  minimum  and  the  original  thickness  of  6  inches. 
The  subgrade  of  the  thin  sections  inspected  was  gener- 
ally rather  sandy — in  some  cases  pure  sand — and  this 
probably  accounts  in  a  measure  for  their  ability  to  carry 
traffic. 

In  some  of  the  earlier  treatments  the  surface  of  the 
road  was  not  broomed  before  applying  the  oil.  Such 
surfaces  observed  in  the  course  of  the  cooperative 
investigation  were  found  to  be  slightly  nonuniform. 
While  quite  comfortable  to  ride  over  they  are  not  as 
satisfactory  or  as  easy  to  maintain  as  the  sections  that 
have  been  broomed  before  treatment. 

Brooming  has  been  the  standard  practice  for  some 
time,  and  most  of  the  treated  roads  observed  had  been 
thus  prepared.  The  general  practice  in  preparation 
for  oihng  now  requires  that  the  surface  to  be  treated 
be  bladed,  sprinkled,  and  dragged  until  smooth  and 
uniform.  All  holes  and  other  irregularities  are  re- 
paired; and,  immediately  prior  to  oiling,  the  surface 
is  thoroughly  swept  with  a  power  broom  (fig.  2),  sup- 
plemented occasionally  by  hand  brooming,  the  sweep- 
ing being  continued  until  all  patches  of  loose  fine 
material  are  removed  and  the  larger  pieces  of  rock  are 
exposed.  This  was  the  method  that  had  been  followed 
in  the  treatment  of  most  of  the  sections  inspected. 

CHARACTER  AND  AMOUNT  OF  OIL  USED 

Immediately  after  sweeping  the  majority  of  the 
sections  were  treated  with  the  oil  in  two  applications 
with  an  interval  of  two  or  three  days  between  them  to 
permit  the  first  to  penetrate.  In  general,  the  first 
application  was  at  the  rate  of  three-tenths,  and  the 
second  at  the  rate  of  two-tenths  gallon  per  square  yard. 
This  is  the  original  treatment,  to  which  it  is  the  general 
practice  in  Oregon  to  add  in  the  fall  of  each  year  a  light 
application — at  the  rate  of  from  500  to  700  gallons  per 
mile — to  freshen  the  previously  applied  oil  and  seal  the 
surface  for  the  winter;  and  other  light  applications  are 
made  from  time  to  time  as  required.  This  practice  is 
referred  to  hereafter  as  reoiling.  For  applying  the  oil 
a  pressure  sprayer  has  been  found  to  give  more  uniform 
distribution,  although  fair  results  have  been  obtained 
with  a  gravity  sprinkler.     (See  fig.  3.) 

The  on  used  in  the  early  work  in  Oregon  was  pur- 
chased simply  as  "fuel  oil,"  with  the  requirement  that 
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it  contain  at  least  50  per  cent  of  asphalt  of  80  pene- 
tration, and  it  usually  contained  from  50  to  00  per 
cent.  This  oil  came  from  various  fields  in  California 
and  other  Western  States.  Tliat  most  commonly  used 
in  the  extensive  program  of  1925-26  came  frorn  Cali- 
fornia and  contained  from  60  to  65  per  cent  of  asphaltic 
residue  of  80  penetration.  Its  specific  viscosity  was 
usually  low — ranging  from  10  to  20  Engler  at  122° 
F. — but  even  such  light  oils  were  found  to  be  too 
viscous  to  be  applied  successfully  without  heating.  At 
a  temperature  of  from  150°  to  200°  F.,  however,  they 
spread  readily,  and  the  requisite  heating  may  be  accom- 
plished with  steam. 

During  1920  the  treatment  with  two  applications  of 
light  oil,  as  above  described,  was  varied  by  the  substi- 
tution of  a  heavier  oil  or  tar  for  the  second  application 
in  the  treatment  of  over  130  miles  of  road.  On  these 
sections  the  first  application  consisted  of  about  one- 
fourth  gallon  per  scjuare  yard  of  the  60  to  65  per  cent 
asphaltic  oil,  followed  in  most  cases  by  an  application 
of  one-fourth  gallon  of  oil  containing  70  to  80  per  cent 
of  asphalt  of  80  penetration.     In  other  cases  a  tar  was 

Table  2. — Typical  California  oils  used  in  surface  treatment  by 
the  Oregon  State  Highway  Commission  in  1926 
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20235 

June  26 

do 

June  4 

do 

Baker.-   

0.940 
.940 
.973 
.973 
.942 
.942 
.945 
.944 
.940 
.945 
.952 
.946 
.945 
.946 
.946 
.942 
.946 
.944 
.944 
.940 
.940 
.940 
.940 
.940 
.975 
.975 
.975 
.952 
.945 
.945 
.944 
.943 
.943 
.944 
.945 
.945 
.945 
.945 
.933 
.943 
.942 
.943 
.943 
.947 
.945 
.945 
.943 
.944 
.946 
.948 
.950 
.945 
.950 
.950 
.950 
.950 

10.0 
9.5 
84.2 
81.1 
9.4 
9.3 
10.6 
10.5 
10.9 
10.3 
13.2 
11.1 
10.9 
13.0 
12.0 
10.7 
10  7 

10.8 
10.8 

4.1 

3.3 
10.2 
10.6 
10.7 

9.8 
10.4 
10.5 

9.7 
11.7 
10.9 
12.5 
11.0 
12.0 
in  ■? 

65.4 
65.4 
73.1 
72.3 
61.6 
62.2 
63.4 
63.3 
63.8 
63.2 
66.4 
61.6 
63.8 
62.6 
62.0 
60.8 
63.5 
62.9 
63.5 
6.3.2 
63.2 
63.6 
61.9 
64.5 
76.5 
77.2 
75.0 
65.3 
64.5 
61.5 
61.8 
62.9 
64.0 
62.2 
63.2 
63.0 
62.1 
62.8 
64.3 
62.8 
6.3.8 
61.2 
60.7 
61.8 
64.0 
61.5 
61.3 
61.5 
61.6 
64.6 
65.3 
64.0 
66.2 
66  9 

3.7 
3.6 

'i."4 

'2."6 

"6."8 
2.0 
1.0 
2.3 
2.1 

'2.'6 

'i."o 

'2.'6 
1.8 
6.5 
9.3 
4.6 
5.0 
1.8 
5.0 

9.5 
12.5 
2.3 
2.5 
9.4 
8.0 
7.1 
9.7 
8.8 
8.6 
6.1 
6.0 
6.5 
8.2 
8.1 
7.9 
9.1 
9.3 
9.9 

10.2 
8.2 
9.1 
9.2 
5.5 
.5 
.5 
1.0 
7.0 
8.5 
5.7 
6.0 
4.8 
.5.0 
5.4 
5.2 
5.0 
5.8 
.5.8 
6.5 
7.7 
6.3 
8.9 
9.2 
9.1 
7.6 
7.7 
8.0 
7.7 

10.5 
9.1 

24.3 
8.8 

15.6 

12.9 
7.3 

12.8 

19.3 
11.7 
8.9 
6.9 
14.2 
15.5 
9.7 
9.0 
11.1 
12.2 
9.5 
10.0 
10.5 
11.5 
11.3 
13.2 
13.0 
9.5 
10.9 
9.7 
10.7 
14.0 
13.0 
11.6 
4.8 
4.9 
3.3 
8.0 
9.9 
10.5 

67  "^ 

20236 
20001 

do 

Payette,  Idaho. 

72.2 
88  8 

20002 

do 

90  6 

20168 

June  22 

do 

July  16 

June  17 

June  28- 

July3 

July  16 

July  12 

July  15 

Quartz     

76  4 

20169 
20492 

-  —do-  — ..- 

Durkee 

76.5 
81.8 

20128 
20263 
20352 
20501 
20434 

do.-- 

Pleasant  Valley 

do 

do 

Huntington  - 

81.3 
77.5 
79.2 
83.6 
82.0 

20491 

do..- 

8?  n 

20431 

July  10 

.do 

78.0 

20432 
20433 
20386 

do 

do 

July  7 

do 

do..- __- 

-      .do  . 

78.5 
78.9 
77  9 

20387 
20353 
20354 
20355 
20384 

do 

Julv3 

do 

do_. 

July  6.. 

do 

do ._._ 

do 

do 

do 

11.0  12.1 

9.511.2 

10.9111.0 

11.8!l0.  1 

10.  2' 10.  9 

8.  8ll2.3 

9.2!  9.7 

74.8   3.9 

75.  2   3.  4 

92  3    3.  4 

79.2 
79.2 
80.1 
81.1 
76.9 

20385 

do 

do 

77  8 

20288 

July  2 

July  13 

July  10 

April  21 

May  18 

May  21    _. 

Haines 

81  9 

20526 
20525 

do-- 

Baker. 

94.7 
94  6 

19632 

Blalock.. 

95  7 

19801 

Parkdale.   - 

12.7 
10.8 
10.2 
10.2 
9.8 
9.6 
9.9 
10.2 
8.8 
10.3 
9.8 
7.9 
9.4 
9.0 
10.5 
9.2 
10.2 
9.2 
9.1 
9.2 
9.3 
11.6 
12.1 
14.3 
12.7 
12.8 
13.8 
13.8 
13.8 

10.4 
14.3 
11.1 
11.6 
10.2 
9.7 
9.7 
9.5 
10.1 
9.4 
10.2 
10.8 
12.7 
9.4 
10.7 
9.7 
10.3 
10.8 
11.0 
10.0 
12.4 
11.6 
11.9 
9.1 
7.4 
9.5 
10.0 

85  0 

19845 

.do 

81   6 

19849 

May  24 

do 

May  18-. 

Redmond     

S3  8 

19850 
19789 

do-.. 

.      .do 

10.  0  84.  0 
10.  2  85.  0 

19790 
19843 
19844 

do 

Mav22 

do 

do - 

do.... 

.      .do       

9.  8  85.  2 
11.0  83.6 
10.  6  84.  2 

19887 
19869 
19870 
19868 

May  26 

do 

do 

May  25 

May26 

May  29 

do 

June  3 

June  9 

May  28 

June  1 

June  4 

do -. 

do - 

do. 

Parkdale.     

10.31 

10.0 
9.6 
9.0 
9.3 

10.0 
9.6 
9.7 

10.0 

84.7 
84.2 
84.6 
84  5 

19891 
19908 
19909 
19959 
20041 

do... 

do.. 

do 

do 

Rufus -- 

83.0 

83.7 
81.5 
81.1 
80  9 

19910 

Redmond 

10. 1|82.3 

19920 
19998 

do 

do 

10.7|81.6 
11.4  80.6 

20043 
20427 
20146 
20670 
20566 
20671 

May  29 

Julv9 

June  19 

July26 

July  21 

July26 

July  29 

August  4 

July  29 

do 

do 

Bend 

Blalock. 

Parkdale.. 

Bend 

12.7, 
11.4 
12.5 
25.5 
15.0 
19.0' 

79.6 
76.1 
76.6 
43.7 
66.9 
fin.  H 

20742 

Rufus                      ..      . 

17.165.0 

20775 

Biggs .  . 

10.0  6,5.8 
10.  0  67.  0 

14.7176.2 

20743 

Blogett 

30.  0  52.  2 

1 

1 

used  for  the  second  application,  the  material  bemg 
prepared  from  crude  tar  obtained  in  the  manufacture 
of  gas  from  petroleum  oil.  Reports  received  in  Feb- 
ruary, 1927,  indicate  that  these  heavy  oil  treatments 
have  made  a  good  showing  during  the  winter  in  sec- 
tions where  snowfall  was  heavy.  Table  2  shows  tests 
ot  typical  oil  used  during  the  1926  season. 


Fiu.  2. — I'uwEu  Broom  for  CleaniiVg  Road  Surface  Prior 
TO  Treatment 


1  No  fraction  below  170°  C. 


Fig.  3. — Type  of  Distributor  Used  for  Application  of  Oil 

To  absorb  the  excess  oil,  chips  have  been  applied  in 
quantities  ranging  from  15  to  50  cubic  yards  per  mile. 
Practice  in  this  particular  has  not  been  standardized. 
Larger  cpiantities  were  required  on  the  sections  treated 
with  heavy  oils  and  tars;  and  in  some  instances  sand  or 
screenings  have  been  used  instead  of  chips.  After  re- 
oiling,  the  use  of  sand  or  fine  stone  chips  has  been 
found  necessary  where  the  surface  had  a  "sheet-asphalt" 
texture  to  prevent  vehicles  froni  skidding. 

The  cover  material  has  sometimes  been  spread  from 
trucks  by  opening  the  end  gate  an  inch  or  so  and  driv- 
ing rapidly  over  the  oiled  surface.  In  other  instances 
mechanical  spreaders  have  been  used,  as  shown  in 
Figure  4. 

Maintenance  in  Oregon  begins  immediately  after  the 
final  oiling.  At  this  state,  brown  areas  appear  where 
there  is  a  deficiency  of  oil,  the  result  generally  of  the 
picking  up  of  the  surface  by  steel  tires  or  of  sandy  spots 
in  the  surface.  These  are  spotted  with  oil,  and  any 
depressions  that  may  require  it  are  filled  with  addi- 
tional chips  and  oil. 

Thereafter  the  maintenance  men  patrol  the  road, 
carrying  with  them  a  supply  of  chips  and  oil  or  premixed 
oil  and  chips.  Holes  or  depressions  are  filled  as  soon 
as  they  appear,  care  being  taken  to  use  no  more  filling 
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material  that 
the  surroundi 
depression  in 
indicates  that 
more  of  road, 


is  needed  to  bring  the  patch  flush  with 

ng  surface  and   avoid   transforming   the 

to    a    hump.     The    experience    thus    far 

a  two-man  patrol  can  cover  50  miles  or 

performing  the  work  described. 


Fk 


4. — A  Mechanical  iSpREAOER  having  Whirling  Disks 
TO  Distribute  Screenings  over  Road  Surface 

COSTS    OF    TREATMENT    AND    MAINTENANCE 


The  average  cost  of  the  treatment  described  on  343 
miles  of  Oregon  highway  oiled  during  1926  was  $752 
per  mile,  exclusive  of  the  cost  of  cover  material.  The 
average  total  cost,  including  cover  material,  was  placed 
at  S854  per  mile.  These  averages  include  the  cost  of 
133  miles  which  received  a  first  treatment — about  3,000 
gallons  per  mile — of  light  "fuel  oil"  (about  60  per  cent 
asphalt)  followed  by  an  equal  amount  of  heavier  oil 
containing  about  75  per  cent  of  asphaltic  residue  of  80 
penetration. 

An  analysis  of  the  cost  of  a  65.8-mile  section  treated 
with  two  applications  of  light  oil  is  given  in  Table  3. 
This  shows  an  average  cost  of  $637  per  mile,  exclusive 
of  the  cost  of  cover  material.  The  cost  of  the  treat- 
ment in  which  heavy  oil  is  used  in  the  second  applica- 
tion is  estimated  by  the  engineers  of  the  Oregon  depart- 
ment at  $888  per  mile,  exclusive  of  cover  for  1927,  and 
in  their  estimates  of  cost  they  allow  $53  per  mile  for 
screenings  on  light  oil  and  $150  per  mile  on  heavy  oil. 

That  the  cost  of  maintaining  the  oiled  surfaces  is  not 
expensive  is  shown  by  Table  4,  which  summarizes  ex- 
penditures on  five  sections  of  the  Columbia  River 
Highway  from  1922  to  1926.     The  table  was  compiled 

Table  3.' — Cost  per  mile  of  oiling  between  Heppner  Junction  and 
Barnhart,  Morrow  and  Umatilla  Counties,  Oreg.,  65.8  miles 
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Heppner  Junction-Uma- 

Miles 

tilla  County  line 

30.6 

$29 

$115 

$53 

$47 

$38 

$214 

$90 

$586 

Umatilla    County    line- 

Echo 

19  5 

22 

89 

59 

51 

40 
61 

272 
219 

137 
128 

670 
696 

Echo-Barnhart 

15.7 

33 

110 

61 

84 

Average  cost  per  mile 

28 

106 

57 

57 

44 

232 

113 

637 

Cost  per  square  yard 

0.002 

0  009 

0.005 
.010 

0  005 

0.004 
.008 

0.019 
.041 

0.010 
.020 

0.054 
113 

Cost  per  gallon  in  place. ._ 

.005 

.019 

.010 

Per  cen  t  of  to  tal  cost- 

4.4 

16.6 

9.0 

9.0 

5.8 

36.4 

17.8 

100 

from  information  furnished  by  the  State  highway  com- 
mission, except  that  some  of  the  reoiling  cost  has  been 
rather  arbitrarily  included  in  the  cost  of  original  oil 
treatment.  Table  5  is  a  summary  of  the  data  con- 
tained in  Table  4. 

These  tables  show  that  the  cost  of  maintaining  the 
untreated  crushed  rock  surfaces  on  these  projects, 
under  an  average  traffic  of  500  vehicles  a  day,  averaged 
$402  per  mile  per  year;  and  that  the  cost  of  replacing 
the  surfacing  material  destroyed  by  traffic  and  weather 
was  $1,351  per  mile  per  year — a  total  of  $1,753  per 
mile  per  year,  or  an  average  annual  charge  of  $3.50 
per  mile  per  average  daily  vehicle. 

The  cost  of  maintaining  these  surfaces  after  oiling, 
during  1926,  which  was  the  only  complete  year  covering 
all  projects,  averaged  $333  per  mile,  a  figure  which  in- 
cludes some  reoiling.  If  the  treatment  is  assumed  to 
have  a  life  of  only  three  years,  of  which  half  on  the 
average  has  already  passed,  $198  (one- third  of  $594, 
the  cost  of  oiling)  should  be  added  to  the  yearly  main- 
tenance charge  to  obtain  the  total  annual  cost,  which 

Table  4. — Maintenatice  and  treatment  costs  of  Columbia   River 
Highway  in  Oregon 


1  Prepared  from  information  furnished  by  R.  H.  Baldock,  maintenance  engineer, 
Oregon  Highway  Commission. 

A  total  of  373,682  gallons  was  used,  an  average  of  5,700  gallons  per  mile  and  0.495 
gallon  per  square  yard. 


Length 

Year 

Aver- 
age 
daily 
traffic 

Untreated  road 
costs 

Treated  road 
costs 

Project 

Ordi- 
nary 
mainte- 
nance 

Resur- 
facing 
to  re- 
store 
thick- 
ness 

Oiling 
and  re- 
oiling 

Main- 
tenance 
of  oiled 
surface 

Federal  aid  No.  37 

MUes 
12.  b 

1922 
1923 
1924 
1925 
1926 

309 
674 
828 
880 
1,000 

$4,002 
1,880 
8,094 

$21, 359 
34, 568 

$2, 059 
3,068 

"$5,'"836 
6,080 

Total_- 

13, 976 
372 

55, 927 
1  1, 192 

5,127 

11,916 

Average  per  mile  per  year.. 

Average  per  mile. 

410 

2  486 

Federal  aid  No.  25     

14.81 

1922 
1923 
1924 
1925 
1926 

309 
455 
640 
1,035 
904 

2,833 

2,729 

14,  578 

785 

9,034 

1,920 
7,402 

7,  160 

4,699 

' 

Total   -  -             .      - 

3  20, 140 
3  453 

9,034 

>  174 

9,322 

11  859 

Average  per  mile  per  year.. 

A verage  per  mile 

628 

2  317 

Federal  aid  No.  24.. 

14.95 

1922 
1923 
1924 
1925 
1926 

309 
484 
728 
1,000 
900 

1,296 

2,272 

11,570 

868 

18, 782 

1,099 
6,838 

'"i,832 

3,532 

Total 

3 15, 138 
3  338 

18, 782 
5  386 

7,937 

5,364 

Average  per  mile  per  year. 

.\ verage  per  mile... 

531 

2  236 

' 

Federal  aid  >J,o.  42 

21.88 

1922 
1923 
1924 
61925 
1926 

309 

466 

585 

877 

1,085 

8,577 
8,737 
13,  408 
2,500 

71,514 
32, 460 
3,485 

749 

11,693 

11,662 
7.204 

Total 

3  30,722 
3  468 

107, 459 
'  1, 587 

12,  442 

18,  866 

.\vera^  per  mile  per  year.. 

Average  per  mile 

568 

2  329 

Non-Federal   aid   west   of 

19.8 

1922 
1923 
1924 
1925 
1926 

300 
400 
550 
800 
1,000 

6,500 
6,980 
7,730 
2,785 

Echo. 

106, 480 

13, 128 
2,342 

5,487 

6,676 

Total 

3  21,210 
3  357 

106, 480 
8  1,  265 

15, 470 

12, 163 

Average  per  mile  per  year.. 

Average  per  mile 

781 

3.337 

1  Untreated  road  under  traffic  3.7  years  before  oiling. 

3  Average  for  1926  only. 

3  For  three  years  only,  1922-1924. 

*  Untreated  road  under  traffic  3.5  years  before  oiling. 

*  Untreated  road  under  traffic  3.2  years  before  oiling. 
6  0.8  mile  non- Federal  aid  road  added. 

'  Untreated  road  under  traffic  3.1  years  before  oiling. 
'  Untreated  road  under  traffic  4.2  years  before  oiling. 
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Table  5. — Analysis  of  surface  maintenance  expenditures  on  a 
portion  of  the  Columbia  River  Highway  in  Oregon,  1922-1926, 
inclusive 


Length 

Untreated  road 
costs 

Treated  road  costs 

Project 

Ordinary 
mainte- 
nance 
1922- 
1924, 

inclusive 

Resur- 
facing to 
restore 
thick- 
ness 

Oiling 

and 

reoiling 

Mainte- 
nance 
of  oiled 
surface, 
1926 

Federal  aid  No.  37 _. 

Miles 
12.  50 
14.81 
14. 95 
21.88 
19.80 

$13, 976 
20, 140 
1.5,138 
30,  722 
21,210 

$55,  927 

9,034 

18,782 

107,459 

106,  480 

$5, 127 
9,322 
7,937 
12,  442 
15,  470 

$6, 080 
4,699 
3,532 
7,204 
6,676 

Federal  aid  No.  25.    

Federal  aid  No.  24     . 

Federal  aid  No.  42 

Nou- Federal  aid  west  of  Echo 

Total  - 

83.94 

101,186 
1402 

297,  682 
2  1,351 

50,  298 

28, 191 

Average  per  mile  per  year_ 

-\verage  per  mile 

3  594 

3  333 

'  .\verage  daily  traffic  on  untreated  roads,  500  vehicles  per  day. 

!  Federal-aid  projects  Nos.  24  and  25  excluded  because  they  were  not  fully  restored 
to  original  thickness. 

s  .\verage  for  84.7  miles,  because  of  addition  of  0.8  mile  to  Federal-aid  project  No.  42 
in  1925. 

is  thus  computed  as  $531  per  mile.  As  the  traffic  since 
oiling  has  averaged  980  vehicles  per  day,  the  above 
estimated  annual  cost  would  be  equivalent  to  only  54 
cents  per  daily  vehicle  per  mile. 

The  costs  presented  in  Tables  4  and  5  do  not  neces- 
sarily represent  average  conditions  in  the  West.  The 
use  of  more  and  better  binders  in  the  untreated  sur- 
faces, and  larger  expenditures  for  ordinary  maintenance 
of  these  surfaces  during  the  first  two  years  would  have 
cut  the  cost  of  replacement  of  untreated  rock  materially, 
although  wind  and  dry  atmosphere  are  particularly 
trying  on  these  projects.  However,  there  is  ample 
evidence  that  the  resurfacing  operations  did  not 
restore  the  surface  to  its  original  thickness  in  many 
places,  which  means  that  the  actual  loss  of  material 
was  greater  than  indicated  by  the  cost  reports.  On 
the  other  hand,  the  operations  of  oil  application 
and  niaintenance  of  the  oiled  surface  were  new  to 
the  organization,  which  suggests  the  possibility 
of  lower  costs  for  the  same  class  of  work  in  subse- 


quent years.  The  tables  do  represent  the  actual  his- 
tory of  the  first  extensive  section  of  Oregon  State  high- 
way to  be  treated  with  asphaltic  "fuel  oil."  And 
they  do  mdicate  also  the  economy  of  the  surface  oiling 
as  a  means  of  salvaging  these  surfaces,  for  this  fact 
stands  out:  That  the  cost  of  oiling  this  section  was  less 
than  the  annual  cost  of  replacing  lost  surfacing  material 
on  the  untreated  roads,  and  the  cost  of  maintaining 
the  oiled  surfaces  is  no  greater  than  the  cost  of  ordinary 
maintenance  of  the  untreated  surfaces  before  oiling 
and  under  lighter  traffic. 

INSPECTION    OF   OREGON    OIL-TKEATED    HIGHWAYS 

In  May,  1926,  during  the  course  of  the  cooperative 
investigation  here  reported,  an  inspection  was  made  of 
about  235  miles  of  the  oil-treated  crushed  rock  and 
gravel  roads  in  Oregon,  the  treatment  of  which  has 
been  generally  described  in  the  foregoing  pages.  As  the 
inspection  progressed,  samples  were  taken  as  repre- 
sentative of  the  surfacing  materials  used  in  the  original 
construction,  of  the  oil  used,  and  of  the  oiled  surface 
and  base  of  the  treated  roads;  and  at  the  same  time  the 
surfaces  examined  were  classified  according  to  the 
texture  and  degree  of  displacement  of  the  surface. 

Differences  in  texture  and  surface  condition  were 
quite  noticeable.  A  considerable  mileage  has  a  non- 
skid  surface.  Other  portions  have  a  fine,  smooth 
texture  closely  resembling  that  of  sheet  asphalt,  and  a 
small  percentage  has  a  similar  fine  texture  but  is 
unstable  and  shows  a  noticeable  tendency  to  creep, 
push,  and  "cabbage  leaf." 

The  three  t3'pes  of  surfacing  were  classified  according 
to  appearances  as: 

A. — Nonskid. 

B. — Fine,  granular,  sheet-asphalt  texture. 
C. — Surface  showing  a  tendency  toward  dis- 
placement. 
In  some  places  sections  of  A  and  B  types  or  of  B  and  C 
types  were  found  quite  close  together. 

In  taking  samples  of  the  surfacmg  material  they  were 
selected  as  representative  of  these  three  conditions  of 
surface  in  an  effort  to  determine  by  tests  the  reasons 
for  the  dift'erences  noted. 


Table  6. —  Tests  of  hinder  material  used  in  Oregon 


Source 

Point  of  use 

Mechanical  analysis— material  passing  various  screens 

Ce- 
ment- 
ing 
value 

Lineal 
shrink- 
age 

Field 

Test 
No. 

}^-inch 
screen 

No.  3 

No.  10 

No.  20 

No.  30 

No.  50 

No.  100 

No.  200 

Re- 
moved 
by  elu- 
triatioD' 

mois- 
ture 
equiva- 
lent 

2407 

Bluff  above  Seufert 

Columbia  River  Highway: 
Mile  94-106.44 

Per  cent 
95 

Per  cent 
95 

Per  cent 

92 

99 
100 

60 

94 

99 

97 
100 

65 

Per  cent 
90 
98 
99 
42 
91 
97 
95 
99 
35 
100 
98 

94.8 
94.8 
57.6 

99.8 

Per  cent 
87 
97 
99 
35 
88 
94 
93 
97 
26 

"'97 
93.6 
94.4 
53.6 

99.3 

Per  cent 
83 
95 
97 
31 
88 
91 
91 
96 
23 
98 
96 
92 
82 
49.4 

97.9 

Per  cent 
77 
91 
93 
27 
82 
86 
79 
94 
20 
96 
95 

89.6 
76.8 
47.4 

96.3 

Per  cent 
67 
87 
75 
20 
72 
80 
69 
91 
18 
94 
93 
85.4 
71.8 
36.4 

95.1 

Per  cent 
63 
75.6 
68 
18 
70 
75 
66 
86 
15.7 
81.2 
92 
83.0 
70.6 
36.0 

94.6 

Pounds 

per 

square 

inch 

226 

212 

101 

68 

114 

125 

94 

88 

,54 

198 

103 

193 

165 

135 

260 

Per  cent 
5.7 
10.8 
2.1 
1.7 
8.8 
7.4 
8.8 
10.2 
0.0 
5.3 
3.3 
8.4 
4.7 
2.2 

9.6 

Per  cent 
25.2 

536 

Pit  above  Rufus 

Mile  110-121.31     

45.1 

2411 

Pit,  mile  125.7 

Arlington  pit,  milepost  147.4 

Castle  pit,  mile  162.3    - 

Mile  121±-127±   .. 

23.5 

2401 

2412 

Mile  136.27-156.62 

Mile  156.62-191 -f 

Mile  175-190- 

2  100 

97 

90 
96 
100 

98 

17.6 
33.1 

564 

Pit  2  miles  south  of  mile  181.7 

Pit,  mile  194  4     ..          - 

48.6 

2408 

Mile  191-198-1- — 

Mile  197-201 

98 

30.8 

561 

Pit  mile  199 

57.8 

562 

Pit' mile  203 

Mile  201-208 

.Mile  208-214 ..  - 

100 

92 

11.8 

563 

Pit  mile  211  5 

29.5 

2415 

Stannel  pit  mile  220 

208  to  224-1- —  - 

100 

99.2 
100 

98.4 

99 
96.4 
99 
75.2 

100 

22.9 

2413 

Campbell  pit,  mile  241.49 

Old  Oregon  Trail          

ioo 

32.0 

do         -             

23.9 

2420 

Pit  3  miles  east  of  Kamela,  about 

mile  271. 
Pit  5  miles  east  of  Redmond 

do 

100 

22.5 

2419 

The  Dalles-California  High- 
way, mile  115-140. 

31.7 

1  See  Department  Bulletin  1216,  U.  S.  Department  of  .\griculture,  p.  10,  Clay  and  Silt  Test. 
62201—27 2 


2  Binder  in  pit  mixed  with  gravel. 
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LEGEND 

~     SURFACE     TREATED      HIGHWAY  IN   FIRST- CLASS  CONDITION  IN    FEBRUARY,  1927. 

■:     SURFACE     TREATED      HIGHWAY  DAMAGED  DURING  WINTER  1926-'l927. 

-A-  INDICATES  POINT  AT  WHICH  SURFACE  SAMPLE  WAS  CUT  AND  TEXTURAL  CLASS  OF  SURFACE 

A-  NONSKIO  SURFACE. 

B-  FINE  GRANULAR,  SHEET-ASPHALT  TEXTURE. 


C-  SURFACE  SHOWING  ATENDENCY  TOWARD  DISPLACEMENT 

DISTRIBUTION  OF  BINDERS  AND  TEST  NUMBERS  ALSO  SHOWN 

FOR  TEST  RESULTS  SEE  TABLE  S 

MILEAGE  IS  MEASURED  FROM   PORTLAND,  OREGON. 


Fig.  5. — Condition  of  Oiled  Surf.\ces  on  Columbia  River  Highway  from  a  Report  on  an  Inspection  Made  in 

February,  1927 


The  condition  of  tiie  various  sections  of  the  Columbia 
River  Highway  between  The  Dalles  and  Pendleton, 
the  classification  of  the  surface  according  to  texture  at 
a  number  of  points,  and  references  to  tests  of  samples 
taken  from  these  points  are  shown  in  Figure  5.  Figures 
6  to  19  show  the  appearance  of  the  surface  at  various 
points  (identified  with  the  chart  by  distance  in  miles 
from  Portland)  and  indicate  the  generally  satisfactory 
condition  of  the  oiled  surfaces. 

The  results  of  physical  tests  of  the  mineral  binder 
contamed  in  samples  of  the  crushed  rock  taken  at 
various  points  along  this  highway  are  given  in  Table  6; 
and  tests  of  samples  of  the  oil-treated  surface,  showing 
the  mechanical  analysis  of  the  crushed  rock  and  the 
character  and  amount  of  the  oil,  are  reported  in  Table  7. 


Several  outstanding  facts  appear  to  be  established 
by  these  tests. 

The  A  samples  were  found  to  contain  the  least  aver- 
age amount  of  bituminous  material.  However,  the 
variation  in  the  amount  in  the  three  types  of  surface  is 
apparently  slight,  and  can  not  be  the" sole  cause  of  the 
physical  differences  visible  on  the  road.     (See  Table  7.) 

It  is  significant  that  the  A,  or  nonskid,  type  of  surface 
contained  the  least  proportion  of  mineral  binder,  and 
that  the  binder  present  had  relatively  low  water  carry- 
ing capacity  and  a  low  shrinkage  value.     (See  Table  6.) 

The  proportion  and  character  of  the  clay  and  silt 
binder  appear  to  be  the  principal  difference  between  the 
A  and  B  samples  as  revealed  by  analysis.  It  is  inter- 
esting to  note  (Table  6)  that,  although  the  texture  of 
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Table  7.- 


-  Analyses  of  surface  samples  from  surface-treated  sections  of  the  Columbia  River  Highway 


Distance  of  sampled  sec- 
tion from  Portland 


95.65. 
97.0.  . 
122.1... 

125.7... 
136.65.. 
136.85.. 


140.65.. 


141.1 

143.0 

156.0...- 

157.6 

225.0 

95.4 

100.45 

104. 15 

116.0 

166.3 

168.  0  . 

194.0 

196.5 

208.9 

224.1 - 

95.65 

99.1 

105.6 

107.4 

177.05 

181.25 

192.3 

197.3.... 

217.4.. 

Texture 

of 
surface 


A 
A 
A 
A 
B 
B 
B 
B 
B 

B 
B 
B 

B 
B 
C 

C 

C 

C 
C 
C 

C 

C 

C 


Test 

No. 


3 

23 

20 

4 

24 

7 

16 

25 

24 

4 

14 

6 

5 

3 

23 

27 

2 

26 

11 

12 

Rl 

R5 

R4 

R3 

R2 

R6 

22 

1 


.\nalysis  of 
total  sample 


ce  a 


Per 

cent 

&i.2 

58.1 

92.1 

93.4 

73.4 

73.4 

65.0 

44.3 

97.7 

88.9 

89.3 

96.3 

64.8 

79.8 

94,4 

71.5 

73.9 

91.4 

90.4 

70.3 

97.2 

71.2 

87.7 

94.1 

82.0 

78.3 

82.4 

72.2 

87.1 

73.5 

98.3 

61.5 

97.4 

71.4 

91.1 

81.2 

91.2 

64.2 

3".  0 

71.9 

67.4 

86.6 

86.5 

80.4 

82.3 

83.2 

85.9 

84.1 

75.9 

67.7 

77.4 

87.1 

71.8 

95.0 

89.4 

67.8 

9.5.5 

95.1 

74.6 

92.6 

92.7 

91.4 

82.6 

84.9 

84.9 

61.1 

75.6 

72.7 

73.7 

91.8 

64.5 

62.0 

88.2 

93.1 

84.4 


tio.H 


Per 

cent 

32.4 

37.2 

35.1 

54.5 

40.9 

52.9 

42.7 

29.2 

44.2 

60.8 

41.9 

61.0 

33.4 

29.8 

55.2 

28.9 

25.9 

48.3 

61.7 

43.8 

36.5 

35.2 

43.9 

57.4 

45.5 

51.8 

38.2 

49.3 

35.0 

33.2 

54.6 

31.3 

60.9 

36.1 

42.3 

53.3 

45.5 

37.0 

30.5 

28.5 

47.8 

41.3 

72.9 

39.3 

47.5 

64.2 

44.0 

48.4 

42.0 

36.8 

38.3 

24.1 

20.9 

34.4 

26.0 

50.4 

46.8 

39.4 

41.3 

48.2 

47.4 

43.5 

38.5 

36.4 

37.4 

28.7 

25.2 

33.7 

36.1 

55.2 

34.0 

36.1 

48.5 

46.3 

66.1 


Aanlysis  of  material  passing  10-mesh  sieve 


Per 
cent 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 


Per 

cent 

78.6 

92.0 

79.5 

79.3 

81.0 

92.4 

80.2 

78.5 

77.2 

82.6 

81.3 

82.7 

78.5 

85. 5 

88.3 

81.7 

8.3.3 

84.9 

80.5 

84.3 

87.0 

7.5.1 

83.6 

75.1 

84.3 

87.9 

69.6 

88.3 

83.0 

86.4 

74.8 

81,6 

7.5.8 

74.0 

72.8 

79.8 

81.6 

90.2 

93.4 

76.3 

90.6 

82.5 

91,1 

78.8 

87.8 

95.0 

80.1 

89.2 

84.9 

85.2 

76.4 

81.6 

84.6 

71.4 

85.4 

9.3.2 

73.0 

77.3 

87.4 

75.4 

68.5 

83.4 

78.4 

84,6 

90,4 

88,7 

76.4 

79.3 

76.0 

74.6 

88.8 

86.2 

72.6 

79.2 

87.0 


Per 

cent 

61.5 

76.9 

fiO.6 

63.8 

63.6 

80.8 

63.1 

69.5 

.57.1 

65.8 

.58.1 

60.0 

62.1 

66.7 

68.2 

64.2 

64.4 

64.6 

59.5 

68.4 

65.5 

.55.  0 

68.0 

5,5.0 

74.2 

66.0 

47,2 

73.9 

66.0 

71.0 

52.3 

64.8 

54.0 

56.0 

50.7 

54.2 

65.1 

7,5.3 

72.5 

57.5 

78,9 

61.0 

74.  1 

60.0 

7,5.9 

61.8 

63.2 

81.8 

60.0 

68,3 

56,3 

68.9 

75.9 

5,5.7 

73.8 

80.4 

48.4 

54.6 

72.8 

51.1 

4,5.3 

61.3 

54.0 

60.9 

69.0 

69.6 

50.3 

60.7 

41.9 

52.5 

66,8 

57.6 

48.6 

60.9 

73.4 


Per 

cent 

48.4 

55. 3 

47.6 

51.9 

55.7 

72.6 

53.0 

61.5 

45.0 

51.6 

42.8 

45.4 

48.6 

54.0 

53.5 

55.6 

50.8 

52. 3 

48.7 

54.9 

44.8 

42.2 

,56.1 

42.2 

61.6 

.57.6 

38.0 

64.5 

51.4 

56.4 

42.9 

54.7 

42.0 

43.7 

41.8 

4,5.1 

50.6 

,56.  7 

4.3.3 

4.5.2 

60.0 

45.5 

36.0 

49.9 

67.1 

40.  1 

56.2 

77.8 

51.8 

,58.2 

42.2 

,59.5 

68.9 

42.3 

.59.2 

59.0 

37.5 

43.2 

60.6 

40.2 

35.4 

44.0 

40.4 

35.6 

40.8 

50.2 

36.9 

51.4 

.30.7 

39.1 

47.0 

39.8 

40.6 

54,7 

66.3 


Per 

cent 

36.5 

40.6 

36.3 

42.1 

33.1 

36.6 

34.9 

42.3 

27.9 

32.1 

25.8 

27.1 

29.0 

35.6 

34.6 

42.3 

30.1 

32.5 

33.0 

28.6 

31.2 

30.0 

34.3 

30.0 

37.9 

35.6 

30.3 

41.7 

.39.2 

44.5 

34.2 

44.0 

27.8 

32.3 

33.1 

.37.7 

37.8 

45.5 

30.9 

35.2 

48.8 

34.4 

19.3 

41.4 

56.0 

31.1 

50.4 

72.2 

42.2 

49.5 

32.2 

49,9 

59.8 

30.0 

45.7 

42,5 

29.0 

33.5 

49.6 

31.4 

27.9 

30.4 

.30.7 

20.3 

24.0 

35.1 

26.6 

4.3.0 

23.9 

28.0 

33.8 

30.1 

34.9 

49.9 

59.5 


°l 


Per 
cent 
12.3 
17.9 
13.0 
18.2 
6.6 
6.8 
6.3 
14.2 
6.2 
8.8 
9.3 
7.6 
9.4 
8.1 
9.7 
14.2 
8.2 
9.6 
11.3 
6.3 
8.2 
11.3 
10.2 
11.3 
11.5 
15.0 
9.6 
10.6 
13.6 
20.4 
13.4 
20.0 
7.9 
12.7 
9.1 
16.7 
13.6 
22.4 
13.2 
15.2 
2,5.0 
12.0 
9.9 
17.1 
26.5 
11.4 
19.0 
31.0 
13.2 
19.5 
11.2 
20.4 
27.8 
9.4 
19.7 
18.7 
11.6 
11.7 
21.6 
11.4 
11.5 
10.2 
12.2 
7.8 
8.6 
15.4 
9.8 
17.4 
13.2 
8.5 
13.3 
15.1 
14.4 
23.7 
26.8 


24 

16 

39 

16 

12 

10 

16 

12 

13 

17 

28 

11 

13 

24 

20 

12 

14 

42 

24 

14 

12 

26 

18 

16 

44 

15 

28 

13 

36 

23 

29 

10 

20 

9 

28 

20 

43 

47 

24 

38 

18 

42 

9 

39 

24 

8 

42 

15 

40 

11 

33 

47 

30 

35 

30 

26 

25 

-63-33 

27 

18 

9 

41 

46 

26 

40 

40 

51 

51 

17 

35 

29 

23 

28 

34 

14 


te 


Per 

cent 

2.8 


2.6 


5.4 
.4 
5.4 
.6 
9,5 
1,8 
6,7 
3.7 
3.0 
4.6 
3.8 
7.0 
23.5 
3.9 
3.2 
4.7 
6.6 


Bituminous  content 


3.2 


3.9 
2.0 
6.5 
3.7 
8.6 


6.0 


3,0 
4.6 


17.2 


13.7 
2.5 


13.4 


7.1 


11.5 
2.0 

12.0 
6.3 

7.7 


7.9 
1.0 


3.9 
1.5 
3.3 
3.5 
1.4 
7.5 
1.2 
1.1 
4,2 
3,5 


2,4 
4.3 


Per 
cent 
0.3 


c 


Per 
cent 
0.6 


.9 
.1 
.5 
.04 


.5 


1.2 
.4 

.5 
.8 

2'l 
1.0 

.8 
.8 


1.3 

.1 
1.8 
.15 


.6 
1.4 
1.1 

.6 

.87 
1.3 
1.3 
4.0 

.9 
1.2 
1.2 


Per 
cent 
0.9 


Sample 


1.2 

1.0 


2.5 

To" 


1>2 
.4 


.9 
.4 
.5 
,7 
.3 
.6 
.3 
.04 


1.2 


2.3 


2.2 
.2 

2.3 
.19 

4.2 

1.1 

2.8 

2.3 

1.0 

1.37 

2.1 

2.0 

6.1 

1.9 

2.0 

2.0 

2.4 


1.4 


1.8 
1.1 
2.5 
1.8 
3.0 


3.3 


1.4 
1.7 


4.9 


4.8 


5.3 

1.2 


3.8 

.4 
1.7 
1.6 
1.9 


2.9 
.2 


4.8 


.1 

'.G 

.06 
1.3 

.09 

.3 
1.4 

.7 


5.9 


In.1. 

0-1.5 
Base, 

0-.  625 
.  625-3 

0-1 

1-4.5 

0-1 

1-3.5 

0-,  75 
.  75-3.  5 

0-,  75 
.7,5-1.5 
1.5-3.5 

0-.  375 
. 375-1 

1-3 

0-.  125 
. 125-.  75 
,75-1.5 
1.5-4 

0-1 

1-4.5 

0-.75 
.75-5 

0-1 

1-4 

0-1 

1-5 

0-1 


2.5 
2.1 
2.0 


1.7 

.5 

1.2 

1.3 

.4 

1,9 

.4 

.4 

2.3 

1.2 


1.2 
2.0 


0-1.5 
1.5-4 
0-1 
1-4 
0-0.5 
.5-3 
0-0.5 
.5-2 
2-4 

0-0.75 
.75-4 

0-1.  25 
1.25-4 

0-0.75 
.75-2 
2-4 
0-.  75 
.  75-5.  75 
O-I 
1-4 
0-1 
1-2 
2-3 
0-1 
1-2 
2-4 

0-1.  25 
1.  25-2.  5 
2.  5-4.  5 
0-1.5 
1.  ,5-4.  5 
0-1.  125 
1.  12.5-5 
0-.  25 
.2,5-1 
1-4.75 
0-.  25 
0.  25-2 
2-4 
0-1 
1-2 
2-5 
0-.75 
.  75-1.  25 
1.25-5 


Ins. 

1.5 
2.0 

.625 
2.375 

1.0 
3.5 
1.0 
2.5 

.75 
2.75 

.75 

.75 
2.0 

.375 

.625 
2.0 

.125 

.625 

.75 
2.5 
1.0 
3.5 

.75 
4.25 
1.0 
3.0 
1.0 
4.0 
1.0 


1.5 
2.5 
1.0 
3.0 

.5 
2.5 

.5 
1.5 
2.0 

.75 
3.25 
1.25 
2.75 

.75 
1.25 
2.0 

.75 
4.25 
1.0 
3.0 
1.0 
1.0 
1.0 
1.0 
1.0 
2.0 
1.25 
1.25 
2.00 
1.5 
3.0 
1.125 
3.875 

.25 

.75 
3.75 

.25 
1.75 
2.0 
1.0 
1.0 
3.0 
.75 
.5 
3.75 


Gals. 

per  sq. 

yd. 

0.106 


.067 


.274 
.0,56 
.375 


.250 

.204 

.238 

.  0612 

.  1.56 

.476 

.091 

.141 

.179 

.593 

.285 


.125 

.21  "4" 

..392 

.297 

.853 

.356 


.232 


.197 


..304 
.'437' 
'.Yli 


.473 
.179 


.527 


.356 


.524 
.059 
.298 
.250 
.238 


.  ,546 
.059 


.923 


.225 

.275 
.036 
.116 
.187 
.566 
.084 
.095 
.274 
.143 


.107 
.120 


the  A  surface  was  classed  as  nonskid,  it  actually  con- 
tains more  sand  passing  a  lO-mesh  sieve  than  the  B  or 
C  types.  Removal  of  fine  sand  and  binder  by  thorough 
sweeping  prior  to  oiling  probably  contributed  to  some 
extent  to  produce  the  nonskid  surface. 

In  explanation  of  the  apparent  importance  of  the 
character  of  the  binder  as  an  element  in  the  success  or 
failure  of  the  oil  treatment,  it  may  be  observed  that 
the  treatment  produces  an  air  and  water  tight  surface 
which,   although  it  prevents  entrance  of  water  from 


above,  also  serves  to  prevent  the  escape  of  moisture 
brought  up  from  the  subgrade  by  capillarity.  The 
concentration  of  moisture  beneath  a  waterproof  sur- 
face has  often  been  obsei'ved;  and  it  may  be  anticipated 
that  an  inci'ease  in  the  moisture  content  of  the  surfac- 
ing will  follow  oil  treatment.  Under  these  conditions 
it  is  logical  to  suppose  that  a  binder  possessed  of  high 
water-carrying  capacity  and  a  tendency  to  expand 
greatly  and  become  unstable  with  increase  of  moisture 
would  affect  the  stability  of  the  surface. 
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TESTS  OF  BINDER  USED  ON  COLUMBIA  RIVER  HIGHWAY 

To  determine  the  character  of  the  binder  used  in  the 
various  sections  of  highway,  samples  taken  were  sub- 
jected to  three  tests  used  in  recent  years  by  the  testing 
and  research  laboratory  of  the  California  Highway 
Commission.  These  include  two  of  the  simplest  soil 
tests  which  were  found  to  be  generally  indicative  of 
the  suitability  of  binder  material.  These  are  the  lineal 
shrinkage  test  and  the  field  moisture  equivalent  test,^ 
as  described  in  detail  by  A.  C.  Rose  of  the  United  States 
Bureau  of  Public  Roads  in  the  issue  of  Public  Roads 
for  August,  1924,  except  that  the  soil  is  dried  at  212°  F. 
in  preparation  for  the  moisture  equivalent  test. 


.^iii^ 


Fig.  6. 


-Mile  iKJ  (_).\  (_'i_ii,umbia  River  Highway.    .Surfaced 
IN   1921,   Resurfaced  and  Oiled  in   1924 


.^ 1^   _ 

m 

:M^     '-'^ 

^hJMMI^^HHP 

Fig.  7. — Mile  106  on  the  Columbia  River  Highv^^ay. 
Surfaced  in  1921,  Resurfaced  and  Oiled  in  1924, 
AND  Reoiled  in  1925 

It  has  been  demonstrated  in  the  soil  studies  that  low 
moisture-cari-ying  capacity  and  low  lineal  shrinkage 
are  desirable  characteristics.  Such  soils  usually  make 
good  natural  roads,  except  those  too  sandy  to  compact. 
Soils  which  have  high  moisture  capacity  absorb  exces- 
sive quantities  of  water  and  when  wet  lose  most  of  their 
cementing  or  binding  property.  A  high  lineal  shrink- 
age indicates  excessive  fineness  or  colloidal  properties, 
and  such  a  soil  has  little  road  value  when  in  a  saturated 
condition.  Such  material,  when  mixed  with  road  metal, 
can  not  add  stability  or  wearing  qualities  except  when 
dried  or  when  liberally  adulterated  with  fine  sand  or 
inert  rock  dust. 

In  addition  to  the  soil  tests  the  binder  samples  were 
also  tested  by  a  test  used  during  the  past  three  years 
in  the  testing  and  research  laboratory  of  the  California 
Highway  Commission  to  measure  the  cementing  prop- 
erty of  the  material.     For  the  purpose  of  this  test  the 


samples  of  surfacing  material  were  screened  to  segregate 
the  material  passing  a  one-half-inch  circular  opening. 
This  portion  of  the  sample  was  mixed  with  water  to  the 
consistency  of  stiff  concrete  and  tamped  into  4  3/2-inch 
cubical  molds.  After  drying  to  constant  weight  at 
atmospheric  temperature  the  resulting  specimens  were 
capped  with  plaster  of  Paris  and  broken  in  a  standard 
compression  machine,  the  average  compressive  strength 
per  square  inch  as  determined  from  three  specimens 
being  taken  as  the  measure  of  the  cementing  value  of 
the  material.  In  its  use  of  this  test  the  California 
laboratory  has  found  that  there  is  wide  variation 
between  the  results  obtained  with  dift'erent  materials, 
but  fairly  uniform  results  are  had  from  retests  of  the 
same  material.  The  sti'ength  ranges  from  0  to  225 
pounds  per  square  inch;  and  a  unit  strength  of  100 
pounds  has  been  established  as  the  criterion  of  satis- 
factory binder. 

In  general,  it  has  been  found  that  at  least  15  per  cent 
of  the  material  passing  a  one-half-inch  circular  opening 
should  pass  the  100-mesh  sieve,  and  8  to  10  per  cent 


0^- 


jW^ 


Fig.  8. —  .Milk  llti  on  (Columbia  l{i\Kit  Highway.  Sur- 
faced WITH  Crushed  Gravel  Bound  with  Clay  in 
1924.  Loose  Unswept  Surface  Treated  with  0.24 
Gallon  per  Square  Yard  in  1924.  Reoiled  in  1925 
AT  A  Rate  of  0.42  Gallon  per  Square  Yard 


5  The  relation  of  this  test  to  the  standard  moisture  equivalent  test  is  discussed  by 
Dr.  Charles  Terzaghi  in  Public  Roads,  vol.  7,  No.  8,  October,  1926. 


Fig.  9. —  Mile  126  on  Columbia  River  Highway.  Re- 
surfaced with  Crushed  Rock  Bound  with  Clay  in 
1924.  Oil  Applied  at  a  Rate  of  0.5  Gallon  per 
Square  Yard  to  Unswept  Surface  in  1925.  Surface 
IS  not  Rough  but  Lacks  Uniformity 

should  be  removed  in  the  washing  test  to  establish 
satisfactory  cementing  property.  A  smaller  propor- 
tion of  fines,  except  in  very  soft  rock,  will  usually  result 
in  a  loose,  uncompacted  surface. 

In  addition  to  testing  in  this  way  the  samples  of 
crushed  rock  and  gravel  taken  from  the  surface  of  the 
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Fig.  10. — Mile  136  on  Columbia  River  Highway.  Re- 
surfaced IN  1924,  Using  Cementitious  Gravel  for 
Surface  Course.  Oil  Applied  in  1925  at  a  Rate  of 
0.5  Gallon  per  Square  Yard.  The  Surface  is  Uni- 
formly Smooth 


n 


Fig.  12. — Mile  176  on  Columbia  River  Highway.     Re- 
surfaced in   1923  AND  Oiled  in   1925 


Fk;.  II. —  MiLio  14ti  (IN  (Oi.rMHiA  l{i\i;i{  Hkiiiwav.  Re- 
surfaced with  Crushed  Cementitious  Gravel  in  1925. 
Oiled  in  the  Spring  of  1926 

roads  inspeotod,  the  cementing  test  was  also  applied 
to  samples  of  bindei-  which  had  been  mixed  with  these 
roads  during  construction,  obtaining  the  samples  di- 
rectly from  the  pits  from  which  the  construction  sup- 
plies were  taken.  The  method  of  testing  in  this  case 
was  similar  to  that  previously  described  except  that 
clean  concrete  sand  was  mixed  with  the  sample  of 
binder  in  lieu  of  the  fine  rock  or  gravel  with  which  it 
would  be  mixed  in  the  road.  In  preparing  the  test 
specimens,  binder  material  was  added  to  the  clean  con- 
crete sand  in  amount  sufficient  to  bring  the  fines  passing 
a  100-mesh  sieve  up  to  15  per  cent  and  the  amount 
removed  by  washing  to  about  10  per  cent  of  the  mix- 
ture. As  clean  concrete  sand  has  no  cementing  value, 
the  strength  of  the  specimens  measures  the  cementing 
properties  of  the  binder  material;  and  separate  binder 
tests  when  compared  with  tests  of  ^he  same  binder 
mixed  with  surfacing  material  indicate  that  the  method 
gives  a  fair  measure  of  the  additional  sti-ength  con- 
tributed by  the  bindei'. 

The  results  of  these  three  tests — lineal  shrinkage, 
field  moisture  equivalent,  and  cementation — together 
with  mechanical  analyses  of  the  material  are  given  for 
samples  of  the  binder  used  in  the  Columbia  River 
Highway  between  The  Dalles  and  Pendleton  in  Table  6. 

In  practically  every  instance  an  excess  of  clay  was 
found    in    samples    taken    from    surfaces   which    were 


Fig.  i;;. —  Milk  ls5  of  Columbia  llixi.i;  1 1  n.ii  w  a-i  .  Iti:- 
surfaced  in  1923  and  Oiled  in  1925.  The  Surface 
Became  Badly  Runted  and  in  April,  1926,  a  Tar 
Treatment  was  Applied  without  Apparent  Benefit. 
A  Surface  Sample  Showed  an  Excess  of  Clay  Satu- 
rated WITH  Moisture 

pushing  or  corrugating.  No  such  defects  were  found 
in  any  of  the  sections  which  had  been  bound  with 
volcanic  ash  soil  or  with  fines  obtained  in  quarries  or 
gravel  pits. 

If  the  limits  suggested  for  the  field  moisture  equiva- 
lent and  lineal  shrinkage  tests  (i.  e.,  a  field  moisture 
equivalent  percentage  of  20  and  a  lineal  shrinkage  value 
of  5)  and  a  cementing  value  of  100  pounds  per  square 
inch  be  used  as  criteria  of  satisfactory  qualities  in  the 
binder,  it  will  be  noted  that  the  samples  represented  by 
tests  536,  561,  563,  564,  2407,  2408,  2412,  2413,  and 
2419  would  be  classed  as  unsatisfactory.  The  material 
represented  by  test  2410  would  be  regarded  with  sus- 
picion and  would  probably  be  rejected  because  of  the 
high  moisture  capacity,  the  lineal  shrinkage  being  so 
near  the  limit;  and  only  the  material  represented  by 
tests  562,  2401,  2411,  2415,  and  2420  would  be  consid"^- 
ered  suitable  for  use.  Figure  20  shows  typical  shrink- 
age test  specimens  from  these  tests  after  drying. 

Figure  5  shows  the  points  where  the  samples  of  sur- 
facing material  were  taken  from  the  highway,  and  the 
limits  between  which  the  binder  materials  represented 
by  the  tests  reported  in  Table  6  were  used.  It  also 
shows  the  location  and  extent  of  failures  in  the  oiled 
siirface  resulting  from  frost  and  pi-ecipitation  during 
the  last  winter,  as  reported  by  A.  F.  Morris,  associate 
highway  engineer  of  the  Bureau  of  Public  Roads,  under 
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Fig.  14. — Mile  156  of  Coi.umiu.^   11i\kk  Hu.hwav.      Ki> 

SURFACED  WITH   CRUSHED  CeMENTITIOUS  GrAVEL  IN  1925 

AND  Treated  with  0.5  Gallon   per  Square   Yard  of 
Oil  in  the  Spring  of  1926 


Fig.  16. — Mile  196  on  Columbia  River  Highway.  Re- 
surfaced IN  1924.  Oil  Applied  at  a  Rate  of  0.495 
Gallon  per  Square  Yard  in  1925.  Surface  Recently 
Reoiled  Lightly  and  Sanded 


Fig.  15. — Mile  166  on  the  Columbia  River  Highway. 
Resurfaced  in  1923.  Treated  with  Oil  at  a  Rate  of 
0.495  Gallon  per  Square  Yard  and  Stone  Screenings 
at  a  Rate  of  15  to  20  Cubic  Yards  per  Mile  in  1925 

date  of  February  11,  1927.  It  will  be  noted  that  the 
sections  bound  with  suitable  binder,  57.5  miles,  show 
only  one  mile  of  broken  surface;  whereas  sections  sur- 
faced with  material  rated  as  "unsatisfactory,"  85.8 
miles,  show  16.8  miles  broken. 

The  failures  reported  do  not  imply  that  the  road  is 
unsei'viceable,  but  merely  that  the  bituminous  surface 
has  broken  or  potholed  to  the  extent  of  requiring  par- 
tial retreatment  during  the  coming  season. 

The  subsoil  conditions  on  these  eastern  Oregon  high- 
ways are  generally  favorable,  the  subgrade  being  sand 
or  sandy  soil.  If  the  subgrade  had  consisted  of  material 
having  high  moisture  carrying  characteristics,  it  is  quite 
likely  that  the  failures  would  have  been  much  niore 
extensive  and  complete  on  the  sections  bound  with 
heavy  clay  binder. 

Clay  binder  represented  by  test  2419  (Table  6)  was 
used  on  about  25  miles  of  The  Dalles-California  High- 
way between  the  Crooked  River  and  Bend.  This 
section  was  surfaced  in  1921  with  fine  gravel  containing 
little  or  no  cementitious  material.  The  surfacing  did 
not  compact  under  traffic,  and  in  1923  and  1924  binder 
was  mixed  with  the  gravel  at  the  rate  of  from  5  to  8 
cubic  yards  per  hundred  feet  of  road.  The  surfacing 
then  compacted  readily.  In  1926  the  road  was  treated 
with  light  "fuel  oil"  at  the  rate  of  0.408  gallon  per 
square  yard.     The  surface  remained  in  good  condition 


Fig.  17. —  Mile  206  on  Colum-bia  River  Highway.  Re- 
surfaced IN  1924  AND  Treated  with  Oil  at  a  Rate  of 
0.495  Gallon  per  Square  Yard  in  1925.  Note  the 
Traffic  Guide  Line  as  Used  upon  High-Type  Surfaces 

(luring  the  summer  and  fall,  but  T.  M.  Davis,  associate 
highway  engineer  of  the  Bureau  of  Public  Roads, 
reported  in  February,  1927,  that  there  had  been  a 
general  breaking  up  following  alternate  freezing  and 
thawing  during  the  rather  severe  winter.  Mr.  Davis 
reported  that  the  destruction  of  the  surface  had  been 
practically  complete  where  drainage  conditions  were 
unfavorable. 

A  study  of  test  2419  shows  the  binder  to  be  a  heavy, 
unstable  clay,  as  evidenced  by  the  high  field  moisture 
equivalent  value  and  excessive  lineal  shrinkage.  The 
oil  surface  prevented  the  escape  of  moisture  by  evap- 
oration, and  the  freezing  of  this  accumulated  moisture 
was  followed  by  a  general  breaking  up  of  about  half 
of  the  section.  Figures  21  and  22  are  typical  views  of 
this  section  before  and  after  the  winter.  Comparison 
of  the  condition  of  surfaces  bound  with  suitable  and 
unsuitable  binder  gives  strong  emphasis  to  the  import- 
ance of  the  binder  as  an  element  in  the  success  of  oil 
treatment. 

TESTS     OF     OIL-TREATED     SURFACING     FROM     COLUMBIA     RIVER 
HIGHWAY 

Table  7  shows  the  results  of  tests  of  the  samples 
taken  from  the  oil-treated  surfacing  of  the  Columbia 
River  Highway  at  various  points  indicated  by  reference 
to   the  mileage   from   Portland   corresponding   to   the 
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Fig. 


18. — Mile  216  on  Columbia  River  Highway. 

SURFACED    in    1923    AND    OlL-ED    IN    1925 


Re-  Fig.   19. — Mile  226  on  Columbia  River  Highway.     Re- 

surfaced AND  Treated  with  Oil  at  a  Rate  of  0.24 
Gallon  per  Square  Yard  in  1923  and  an  Additional 
Treatment  of  0.26  Gallon  per  Square  Yard  in  1924 


BINDER  TEST  N0.240I  LINEAR  SHRINKAGE  1.7  PER  CENT 


BINDER  TEST  N0.536  LINEAR  SHRlNKAeE  10.8  PERCENT 


n 


BINDER  TEST  NO.  561  LINEAR  SHRINKAGE  10.2  PER  CENT 


mmm  test  No^sez  linear  shrinkage  nqne 


BINDER  TEST  NO.  563  LINEAR  SHRINKAGE  5.3  PER  CENT 


--*IHII|»II —I 
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BINDER  TEST  NO.  564  LINEAR  SHRrNKAGE  7.4  PER.  CENT 


Fig.  20.— Typical  Specimens  from  Tests  to  Determine  the  Linear  Shrinkage  of   Binder   Material 
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Fig.  21. — Condition   of  Uilkd  Surface   on    Mile  130  of 
The  Dalles-California  Highway  in  August,  1926 


Fig.  22. — Mile  115.8  on  The  Dalles-California  Highway 
Showing  Surface  Broken  Up.  A  Section  Can  Be  Seen 
IN  the  Distance  Where  Only  the  Edges  Are  Broken 

mileage  designation  in  Figure  5.  The  character  of  the 
surface  represented  by  the  samples  is  indicated  in  each 
case  by  the  letters  A,  B,  or  C,  referring  to  the  surface 
types  previously  described. 

In  these  tests  the  samples  were  first  dried  and  then 
subjected  to  a  constant  temperature  of  325°  F.  until 
loss  had  practically  ceased.  The  purpose  of  this  was 
to  determine  the  amount  of  bitiunen  volatile  at  325°  F. 
The  remainder  of  the  bitumen  was  then  extracted, 
using  benzol  as  a  solvent.  The  oils  used  in  these  treat- 
ments were  all  residues  produced  as  b^^-products  of 
distillation  at  high  temperatures,  and  the  tests  as 
tabulated  seem  to  indicate  that  the  oil  does  not  lose 
any  considerable  portion  of  volatile  fractions  by 
evaporation  after  exposure  for  a  considerable  period 
on  the  road.  The  apparent  drying  on  the  roadway  is 
probably  due  to  absorption  and  not  evaporation. 

After  the  bituminous  material  had  been  removed 
from  the  sample,  the  clay  content  was  determined  and 
a  mechanical  analysis  was  made  of  material  passing  a 
10-mesh  sieve.  The  clay  determination  was  made 
in  accordance  with  A.  S.  T.  M.  tentative  specification 
D137-22  T,  except  that  suspension  clay  was  not 
separated.  Clay  as  reported  in  the  tests  includes 
suspension  clay. 

The  number  of  washings  required  to  remove  the  clav 
is  significant.  Where  suitable  binder  materials  had 
been  used,  relatively  few  washings  were  required. 
Where  heavy,  sticky  clay  binder  had  been  used,  the 
number  of  washings  was  greatly  increased. 


The  samples  were  taken  in  strata  to  determine  the 
depth  of  penetration  and  the  character  of  material  in 
the  roadway,  and  at  the  time  of  sampling  notes  were 
made  as  to  condition  of  the  road  and  any  unusual 
features.  Following  are  descriptions  of  a  few  typical 
samples : 

Sample  99.1:  This  sample  represents  a  class  C  surface, 
i.  e.,  one  showing  a  tendency  toward  displacement.  The 
field  notes  read:   "Layer  0  to  1  inch  rich  and  loose.     Layer 

1  to  2  inches  apparently  clayey  with  some  free  oil  and  water. 
Layer  2  to  4  inches,  excessive  binder.  Road  has  pushed 
and  rutted  but  is  fairly  comfortable  to  travel."  The 
analysis  shows  about  equal  oil  content  in  the  upper  two 
strata,  eacli  1  inch  thick.  The  amount  of  bitumen  averages 
7  per  cent  of  the  10-mesh  sand  or  2  per  cent  of  the  total 
wearing  surface.  Clay  and  silt  in  the  upper  inch  are  about 
normal  for  an  A-type  surface,  but  the  two  lower  strata 
apparently  contain  about  19  per  cent  of  clay  and  25  per  cent 
of  silt.  The  total  amount  of  oil  found  in  the  upper  2-inch 
stratum  ecjuals  approximately  one-half  gallon  per  square 
yard,  and  the  lack  of  stability  in  the  wearing  surface  is  not 
believed  to  be  due  to  an  excess  of  oil.  The  high  clay  con- 
tent was  probably  responsible  for  the  displacement  noted. 
Clay  for  binder  on  this  section  was  obtained  from  the 
Seufert  pit,  represented  by  test  2407,  Table  6. 

Sample  122.1:  This  represents  a  class  A  surface.  The 
field  notes  read:  "Rocky  surface  is  typical  of  the  John 
Day-Quinton  section.  Coarse  rock  in  the  surface  stands 
up  and  gives  nonskid  effect.  Oiled  surface  1  inch  thick." 
The  analysis  shows  a  bituminous  content  of  5.4  per  cent  of 
the  10-mesh  material,  which  is  about  normal  for  A-type 
surfacing.  The  clay  content  is  uiuisually  low;  otherwise 
the  grading  is  normal.  From  the  standpoint  of  nonskid 
qualities  as  well  as  smoothness,  the  section  is  probably 
ideal.  The  binder  came  from  the  pit  at  mile  125.7,  test 
2411  (see  fig.  5  and  Table  6).  Only  12  washings  were 
required  to  remove  the  clay  from  this  sample. 

Sample  192.3:  Another  C  surface.  The  field  notes  read: 
"Irrigation  ditch  parallels  road  about  40  feet  from  the  center 
line.  Surface  is  rutting  and  pushing  badly.  Has  been 
treated  with  tar  recently  on  old  oil  a  implied  in  1925,  and  the 
tar  cake  is  one-fourth  inch  thick.  From  one-fourth  to  2 
inch  depth,  surfacing  filled  with  soft,  wet  clay.  Under  this, 
to  a  depth  of  4  inches,  gravel  bound  with  sandy  material. 
Failure   evidently   due   to   excess   of   clay   binder  in   upper 

2  inches  of  road."  The  analysis  shows  a  high  percentage 
of  undesirable  clay  binder  in  the  wearing  surface.  Fifty- 
one  washings  were  necessary  to  remove  this  clay.  Thirteen 
per  cent  of  clay  was  found  in  the  base  course,  but  the 
difference  in  the  character  of  the  clay  in  the  base  is  revealed 
by  its  removal  in  17  washings.  In  this  instance,  water 
evidently  reached  the  surfacing  by  seepage  from  the  irriga- 
tion canal  and  the  oil  mat  on  the  surface  of  the  road  pre- 
vented the  moisture  from  escaping  by  normal  evaporation. 
Subsoil  conditions  were  not  unfavorable.  The  base  course, 
as  noted,  was  sandy.  This  sample  and  the  condition  of  the 
road  emphasizes  the  importance  of  the  character  of  the 
binder  in  a  roadway  which  is  to  be  oiled. 

Sample  224.1:  This  sample  represents  a  class  B  surface 
i.  e.,  one  having  a  fine,  granular,  sheet  asphalt  texture.  The 
field  notes  read:  "This  sample  is  from  a  section  which 
was  oiled  in  September,  1923,  using  one-half  gallon  per 
square  yard  of  roadway.  Texture  of  surface  smooth  and 
uniform.  Oil  surface  1  inch  thick  and  very  hard.  Base 
from  1  to  4  inch  depth  bound  tight."  The  analysis  shows 
a  very  low  bituminous  content  and  a  fairly  high  percent- 
age of  binder  in  the  top  inch.  The  base  course,  from  1  to  4 
inch  depth,  appears  to  have  been  botuid  with  a  volcanic 
ash  similar  to  that  represented  by  test  2415.  (Table  6.) 
This  is  one  of  the  earliest  oil  sections  constructed  in  the 
State  of  Oregon. 

The  study  of  the  tests  of  surface-treated  material 
seems  to  show  quite  conclusively  that  stability  is  best 
obtained  where  the  road  is  well  bound  under  traffic 
without  the  use  of  sticky,  heavy  clays.  The  amount 
of  bituminous  material  required  is  small.  It  is  quite 
apparent  that  stability  in  the  surfacing  is  more  depend- 
ent upon  the  stable  character  of  the  road  material  than 
upon  the  amount  or  kind  of  oil  used. 
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SURFACE  OILING  OF  CALIFORNIA  STATE  HIGHWAYS 


The  use  of  "fuel  oil" — an  oil  with  an  asphalt  content 
of  40  to  50  per  cent — for  dust  pallative  purposes  was 
begun  on  California  State  highways  in  1924.  The 
treatment  at  that  time  consisted  of  an  application  of 
one-tenth  to  one-seventh  of  a  gallon  per  square  yard 
repeated  two  or  three  times  during  a  season.  On 
many  sections  this  repeated  oiling,  even  with  light  oil, 
tended  to  produce  a  hard,  oil-bound  surface.  The 
surface  thus  formed  was  not  uniform  and  it  was  neces- 
sary to  keep  a  thin  covering  or  mulching  of  oil  and  sand 
or  fine  gravel  over  the  surface  of  the  road. 


Fig.  23. — Power  Broom  Attached  to  Front  End  of  a 
Tractor  Used  for  Cleaning  Surface  Before  Appli- 
cation OF  Oil 

Somewhat  heavier  oiling  was  undertaken  on  the 
Redwood  Highway  in  Division  I  under  T.  A.  Bedford, 
division  engineer,  in  1925.  This  division  is  composed 
of  the  coast  counties  in  the  northern  part  of  the  State, 
including  Humboldt  and  Mendocino,  and  the  1925 
work  was  done  in  these  two  counties.  These  counties 
are  mountainous,  heavily  timbered,  and  have  a  rainfall 
of  40  to  80  inches  per  season;  but  there  is  compara- 
tively little  frost  and  the  summers  are  hot  and  dry. 
The  dust  nuisance  -on  the  Redwood  Highway,  which 
had  previously  been  surfaced  with  crushed  stone,  was 
particularly  objectionable  where  the  highway  passed 
through  the  orchards,  vineyards,  and  the  redwood 
forests.  Short  sections  of  the  highway  were  given 
applications  of  oil  in  varying  amounts  with  httle  or  no 
preparatory  treatment  of  the  road.  In  some  cases  as 
much  as  one-third  of  a  gallon  per  square  yard  was 
applied,  and  the  results,  from  a  dust-pallative  stand- 
point, fully  justified  the  expenditure. 

In  the  spring  of  1926  it  was  found  that  the  oiled  sur- 
face had  withstood  the  winter  and  was  in  good  condi- 
tion in  many  places.  The  results  of  the  applications 
made  during  the  preceding  season  were  so  encouraging 
that  the  work  was  undertaken  on  a  much  larger  scale, 
with  the  idea  of  attempting  to  produce  a  more  lastmg 
dustless  surface.  The  sections  selected  were  in  typical 
condition;  some  were  in  a  good  state  of  preservation 
and  others  were  worn  to  the  danger  pomt.  ihe 
traffic  averaged  about  1,000  vehicles  per  day  durmg 
the  summer  and  somewhat  less  in  winter. 

From  his  previous  experience  the  division  engmeer 
had  concluded  that  sweeping  prior  to  treatment  woiUd 
be  very  desirable,  but,  because  of  delays  m  obtaining 
the  necessary  equipment,  this  practice  was  not  insti- 
tuted until  June  15,  1926.  In  general,  the  sections 
62201—27 3 


which  were  swept  prior  to  oiling  are  now  in  the  best 
condition. 

On  the  sections  completed  prior  to  June  15,  1926,  the 
preparation  consisted  of  the  blading  of  the  mulch  into 
rows  along  the  shoulders  of  the  highway.  Oil  was 
then  applied  at  the  rate  of  0.44  gallon  per  square  yard 
and  the  loose  material  bladed  back  over  the  freshly 
oiled  surface.  The  mulching  averaged  about  1  inch  in 
thickness  and  served  as  a  blanket  which  absorbed  the 
oil.  While  this  method  had  the  merit  of  giving  traffic 
entire  protection  against  the  spattering  of  fresh  oil,  the 
treatment  was  open  to  the  very  serious  objection  of 
producing  a  rather  thin  mat  of  oil-treated  material 
which  was  not  properly  traffic  bound.  Beneath  this 
mat  there  was  found  in  practically  every  case  examined 
a  layer  of  loose,  dry,  unsaturated  screenings  and  dust. 

On  the  work  carried  on  after  June  15  the  blading  of 
the  mulching  into  windrows  was  followed  by  thorough 
sweeping  with  a  power  broom  attached  to  the  front 
end  of  a  tractor  as  shown  in  Figure  23,  and  the  broom- 
ing was  continued  until  the  loose  materiar  was  removed 
and  the  surface  of  the  rock  exposed,  as  shown  in 
Figure  24. 

After  the  loose  material  had  been  swept  from  the 
surface  of  the  road,  oil  was  applied  in  two  applications 
of  approximately  one-quarter  of  a  gallon  each,  as  shown 
in  Figure  25,  the  second  following  within  a  few  minutes 
of  the  first.  The  mulching  was  then  bladed  back  over 
the  fresh  oil,  usually  within  10  to  30  minutes  after  the 
spreading.  Figure  26  shows  the  same  section  of  road 
after  the  loose  material  had  been  bladed  half-way 
across  the  freshly  oUed  strip.  The  next  passage  of  the 
blade  completed  the  covering. 


Fk;.   21. 


Exi'osEi)   UiiCK    Surface  upon  Completion  of 
Brooming 


Later  in  the  season  the  dust  was  screened  by  hand 
from  the  mulching  before  spreading  upon  the  oil. 

On  certain  sections  the  traffic  had  bound  the  surfac- 
ing material  so  thoroughly  that  a  negligible  amount 
was  removed  by  the  sweeping.  Even  when  supple- 
mented by  additional  screenings,  the  coyer  upon  the 
oil  was  very  thin  and  was  composed  of  relatively  clean 

About  March  1,  1927,  the  sections  treated  during 
1926  were  examined  for  differences  due  to  cover  mate-- 
rial  Although  comparisons  were  somewhat  obscured 
by  other  variables,  it  was  evident  that  the  well-bound 
sections  covered  with  a  minimum  of  material  were  in 
best  condition,  that  removing  dust  from  the  mulching 
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was  an  advantage,  and  that  sections  improperly  swept 
before  oiling  were  distinctly  inferior  to  those  thoroughly 
cleaned. 

OIL  TREATMENT  AS  AN  EMERGENCY  MEASURE 

On  a  number  of  sections  in  Division  I  the  metal  was 
known  to  be  too  thin  for  satisfactory  treatment  and 
was  lacking  in  the  uniformity  which  is  required  for 
best  results.  The  treatment  in  these  cases  was  given 
to  prevent  anticipated  destruction  during  the  subse- 
quent rainy  season.  The  road  was  bladed  to  remove 
the  rough  spots,  and  was  treated  with  a  heavy  grade 
of  "fuel  oil"  at  the  rate  of  a  half-gallon  per  square 
yard.  When  the  oiling  was  completed,  the  rough 
spots  and  holes  were  patched  with  prernixed  oil  and 
screenings.  Eesults  have  entirely  justified  the  ex- 
penditure. In  general,  the  sections  are  much  smoother 
than  they  were  prior  to  treatment,  and  the  application 
of  the  oil  has  had  the  effect  of  waterproofing  the  road, 
of  stopping  the  loss  of  metal,  and,  in  many  cases,  of 
preventing  a  break-up  during  the  winter. 


\iriii  \ii<>\    (M    ()ir.  TO  Cle.aned  Surface 


Fig.  20.- 


MuLcHiNG  Partly  Bladkd  Back  oveh  Oiled 
Surface 


While  oil  treatment  without  proper  preparation  of 
the  surface  is  not  generally  recommended,  many  cases 
will  be  found  where  such  use  of  oil  will  be  economical. 
Failures  in  such  instances  should  not  discredit  oil 
treatment.  Maintenance  costs  on  surfaces  which  are 
treated  without  proper  preliminary  preparation  will 
be  considerably  higher  and  the  same  degree  of  smooth- 
ness will  perhaps  never  be  attained.  The  engineers 
estimate  that  a  two-man  patrol,  with  a  suitable  truck 
and  the  necessary  prernixed  material,  can  patch  all 
breaks  in  40  to  GO  miles  of  highway.     They  say  tht 


it  is  extremely  important  that  such  patching  be  kept 
up  continuously  and  that  small  breaks  be  repaired 
immediately.  Otherwise  moisture  collects  in  the 
depressions,  saturates  the  surface  under  the  adjacent 
oil  top,  and  the  break  spreads  with  great  rapidity. 
Experience  up  to  this  time  indicates  that  the  cost  of 
patching  and  other  maintenance  will  be  less  than  the 
cost  of  the  dragging  and  blading  of  the  untreated 
sections. 

The  character  of  the  oil  used  in  the  work  done  in 
Division  I  varied  widely.  That  used  in  Humboldt 
County  had  a  specific  viscosity  (Engler)  of  about  10  at 
122°  F.  The  asphalt  content  (80  penetration)  ranged 
from  60  to  65  per  cent.  This  oil  is  identical  with  most 
of  the  oil  used  in  the  Oregon  work,  and  an  inspection 
of  the  treated  sections  about  March  1,  1917,  indicated 
that  it  is  too  light  for  use  in  localities  in  which  the  rain- 
fall is  as  heavy  as  in  the  California  county.  The 
specific  gravity  of  such  oil  is  about  0.94.  If,  therefore, 
rainfall  is  heav\f  and  the  road  metal  is  moved  or  dis- 
turbed, the  oil  floats  off  on  the  surface  of  the  water. 
This  condition  was  particularly  noticeable  on  the  sec- 
tions above  described  which  had  been  covered  with  a 
rather  thick  layer  of  mulching..  The  rainfall  for  the 
season  at  the  time  of  the  inspection  had  been  about 
50  inches,  and  it  is  estimated  that  in  places  one-half 
of  the  oil  had  been  removed  in  the  manner  described. 
Where  the  road  metal  had  been  thoroughly  compacted 
prior  to  oiling  the  oil  had  withstood  the  winter  rains 
quite  satisfactorily. 

On  other  parts  of  the  same  highway  in  Mendocino 
County  the  oil  used  had  a  specific  viscosity  of  45  to 
80  at  122°  F.  This  oil  has  a  considerably  higher 
specific  gravity,  and  the  surfaces  treated  with  it  were 
generally  tight  and  uniform  and  showed  no  evidence  of 
appreciable  loss. 

Experience  of  maintenance  engineers  verified  by 
measurements  justifies  the  estimate  that  the  average 
loss  of  metal  on  the  Redwood  Highway  was  about  ,300 
tons  per  mile  per  year,  and  the  cost  of  replacing  this 
metal  would  average  not  less  than  $750  per  mile.  The 
average  cost  of  oil  treatment  in  Division  I  last  year  was 
about  $500  per  mile,  including  such  screenings  as  were 
necessary  to  produce  a  covering.  Table  8  shows  the 
cost  of  treating  sections  in  the  same  division  where  little 
or  no  screenings  were  added. 

Table  8. — Cost  of  surface  treatment  in  Division  I,  California,  1926 
{practically  no  cover  material  used) 


Length 

Width 

Quan- 
tity of 
oil 

Cost  per  mile 

Projcft 

1 

Labor 

Rental 

Oil' 

Miscel- 
lane- 
ous 

Total 

Men.-l-A 

Men.-l-B  I 

Men.-l-D  1 

Men.-15-A 

Men.-70-A 

Men.-1-Ej 

Lak.-16-A 

Son.-l-A 

Miles 
0.73 
1.23 
4.12 
4.11 
1.4 
1.  U 
3.96 

13.1 
1.4 
2.2 
2.61 
L15 
4.3 

Feet 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
21 
18 

Gals, 
per 

sq.  yd. 
0.45 
.47 
.50 
.44 
.45 
.30 
.38 
.30 
.46 
.33 
.28 
.49 
.54 

$98 
192 
109 
71 
167 
91 
90 
50 
84 
114 
98 
176 
163 

$78 
115 
81 
58 
71 
54 
33 
33 
70 
43 
68 
185 
92 

$233 
215 
291 
236 
235 
158 
198 
154 
239 
156 
199 
301 
242 

$27 
29 
24 
18 
29 
18 
14 
7 
14 
11 
30 
82 
35 

$436 
551 
505 
383 
502 
321 
335 
244 
407 
324 
395 
744 
532 

Total  and 
average- 

4L42 

379 

1  Cost  of  oil  at  refinery,  $1.04  per  barrel.    Freight  averaged  substantially  the  same 
amount.    Average  cost  of  oil,  including  freight,  4.9  cents  per  gallon. 
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The  oil  treatment  as  here  applied  was  effective  in 
stopping  loss  of  metal  and  would  be  economical  if  the 
operation  had  to  be  repeated  annually.  That  it  will 
not  have  to  be  charged  off  annually  but  that  it  may  be 
expected  to  give  at  least  two  or  three  years  of  average 
service  is  evidenced  by  the  present  condition  of  work 
done  last  year,  at  least  80  per  cent  of  which  is  in  first- 
class  condition. 

The  cost  of  oil  treatments  in  other  counties  and  di- 
visions of  California  is  shown  in  Table  9.  Tests  of  the 
oils  used  in  these  treatments  are  reported  in  Table  10. 

TEMPORARY  OIL  TREATMENT  UNDER  HEAVY  TRAFFIC  IN  SHASTA 

COUNTY 

Similar  oil  treatments  have  been  carried  on  in  several 
other  divisions  of  California  but  not  so  extensively. 
Two  other  sections  of  surface  treatment  show  the  pos- 


sibilities of  the  use  of  such  treatment  for  temporar}'' 
purposes  under  heavy  traffic.  One  of  these  is  a  section 
north  of  Redding  designated  as  II-Sha.-3-B.  This 
section,  6.12  miles  in  length,  has  an  average  traffic  of 
about  1,500  vehicles  per  day,  and  an  occasional  maxi- 
mum of  3,000  or  more  during  midsummer.  Crushed 
rock  surfacing  21  feet  in  width  had  been  completed  in 
1925  and  maintained  by  dragging  and  blading.  Con- 
siderable binder  material  had  been  added  and  the  road 
was  thoroughl}'-  compacted,  and  calcium  chloride  had 
been  used  as  a  dust  palliative  during  the  1925  season. 
This  section  was  surface  treated  in  June,  1926,  the 
general  method  being  similar  to  that  followed  in  Oregon 
and  Division  I  in  California  except  that  sweeping  was 
continued  much  longer  than  is  the  usual  practice.  The 
road  was  swept  and  reswept  until  the  rock  particles 
were  exposed  to   a  depth   of  one-fourth  to  one-half 


Table  9. — Cost  of  surface  treatment  in  California,  1926  {with  cover  material) 


Leiigtli 

Widtli 

Quantity 
of  oil 

Operation 

Cost  per  mile ' 

Project 

Labor 

Equip- 
ment 

Material 

Miscel- 
laneous 

Total 

T  TTiim     1    4B 

Miles 
4.3 

13.9 

n.2 

6.12 
18.9 

2.0 
2.0 
6.6 
5.5 
4.89 

Feet 
16 

16 

16 

21 

24 

18 
18 
19 
33 

18 

Gals  per 
sq.  yd. 
0.5 

.56 

.64 

.5 

Preparing  base ..  . 

$9 
184 
25 

$5 

$4 

$18 

Oiling 

$89 
105 

132                27 

432 

Cover                                          - 

130 

8 

268 

Total                                    

194 

218 

267 

39 

'718 

Preparing  base.  -. - 

1   Trmn      1    P 

3 

97 

13 

121 

1 
49 

17 

Oiling                                       - 

170 
214 

437 

214 

Total 



100 

134 

384 

60 

668 

TTnm      1    Tl 

Preparing  base  ..  - 

6 
79 

28 
112 

2 
41 

36 

196 
275 

428 

275 

TotaL--- 

85 

140  1            471 

43 

739 

TT  Qhci     *?    Tt 

Preparing  base. -- -- 

128 

N    61 

138 

152 
51 

38 
11 
10 
37 

318 

Oiling                                        

257 

380 

36  ]            153 

337 

37 

Total 

327 

239              410 

96 

1,072 

a  Sis.-3-B< ' 

Preparing  base — 

120 
81 
145 

85  1             46 
63  '           317 
77                38 

33 
25 

81 
2  215 

30!) 

Oiling                                       -- 

494 

Cover 

285 
81 

Miscellaneous.  _ .   — -  - 

2  215 

Total                         

346 

225  !            401 

412 

1,384 

Preparing  base 

III  Gle   45-A                                          

13 
44 
21 

8 

20 

5 

21 
252 
88 

Oiling — 

62 

Miscellaneous  ..   _  .    --- 

io 

10 

Total ---- 

78 

33              250                10 

371 

Ill  Col    15-E 

Preparing  base -  -  - 

6 
64 
52 

25 
43 
30 

31 
288 
300 

.52 
.  5 

.4 

Oiling 

1           218 

Miscellaneous - 

' 

27 

27 

Total 

122 

98  1            399 

27 

646 

65 
43 

117 

25  1              18 

48  1            181 

83  '             26 

1 

108 

III  Ama 

40 

312 

226 

Miscellaneous       

57 

57 

Total 

225 

156               225 

97 

703 

63 
96 
188 

35 

45 

1 

9 
14 
13 
92 

107 

IV  S.  F.-55-A;  S.  M.-55-Ai 

1           328 

483 

161  1            276 

638 

Miscellaneous            

92 

Total .- 

347 

241              604 

128 

1,320 

64 
31 
50 

63 
21 

1 

3 

18 
14 

120 

IVMrn.-52-A 

i54 

224 

Oiling 

Cover  -.   

57  j            116 

237 

qintnl                                        

145 

131 

270 

35 

581 



1  Average  cost  per  mile  reduced  to  18-foot  width,  $830. 

2  Mostly  patching. 
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Table   10. — Typical  California  fuel  oils  used  in  bituminous  treat- 
ments by  the  California  Highway  Commission  in  1926 


Type  of  treatment 
and  projeet 


Surf;icc  trt'atniciit: 

I-llura.-1-C 

I-Hum.-1-D 

I-Hum.-1-Gi 

I-Hura.-1-Gi 

I-Hum.-l-Ij.. 

I-Men 

I-Men.-l 

I-Men.-l 

I-Men.-l 

I-Men.-l.- -. 

I-Men.-l 

I-Mcn.-l 

II-Sha.-3B3 

II-Sha.-3Bj..   

II-Sha.-3B3 

II-Sha.-3C 

II-Sis.-3B2.. 

II-Sis.-3B2 

II-Sis.-3C 

II-Sis.-3C 

II-Sis.-3C 

II-Sis.-3C - 

Surface  mixing  method 
Vni-Imp.-26G.-. 
VIII-Imp.-26G... 

Vin-Imp.-26G 

VIII-Imp,-2BG 

VIII-Imp.-26G 

VIII-Imp.-26G--. 

VIII-Imp.-26G 

VIII-Imp.-26G.._. 
VIII-Imp.-26a... 
VItI-Imp.-27Bs-- 
V'III-Imp.-27B5.--- 
VIII-S.  Bd.-31D... 
VIII-S.Bd.-31D  -. 
VIII-S.Bd.-31D.- 
VIII-S.Bd.-31D... 
VIII-S.  Bd.-31D... 
Vni-S.  Bd.-31-58i.- 


Lab. 
No. 


IMO 
1.M1 
1741 
1742 
]fi83 
]fi90 
1440 
U.W 
1471) 
14Sn 
1.126 
l.i28 
11f)9 
1470 
1471 
1487 
1713 
1714 
lfi72 
1/09 
1711 
1712 

Ifi.M 
1(55,5 
1B56 
1657 
16.58 
1659 
1663 
1664 
1665 
1433 
1431 
1772 
1773 
1775 
1776 
1777 
1778 


Date 
sampled 


Juno  23 
.luly  10 
Oct.     8 

...do 

Sept.  11 
Sept.  4 
May  25 
May  26 
June    9 

...do 

June  25 
-.do  ._ 
Mav  25 
May  2!) 
June  2 
June  12 
Sept.  If) 
Sept.  18 
Sept.  2 
Sept.    6 

...do 

—do 

Aug.  25 
Aug.  26 

...do 

Aug.  27 

...do 

Aug.  28 
Aug.  20 
Aug.  30 
Aug.  31 
May  1 
Apr.  30 
Aug.  24 
Aug.  25 
Aug.  26 
Aug.  27 
Aug.  30 
-.do 


Specific 
gravity 


0.  9409 
.9409 
.  945:3 
.9446 
.9557 
.9743 
.  9742 
.  9642 
.  9655 
.  9895 
.  9668 
.  9722 
.  9675 
.  966H 


.9668 
.  9749 
.9749 
.  9695 
.9688 
.9722 
.  9081 

.  95.50 
.  9.537 
.9531 
.  9557 
.  9544 
.9492 
.9655 
.  9655 
.  9.531 
.9428 
.9459 
.9628 
.9681 
.9688 
.  9628 
.9662 
.9675 


Baumfe 

gravity 


18.8 
18.8 
18.1 
18.2 
16.5 
13.7 
13.7 
15.2 
15.0 
14.4 
14.8 
14.0 
14.7 
14.8 


1.3.6 
13.6 
14.4 
14.5 
14.0 
14.6 

16.6 
16.8 
16.9 
16.5 
16.7 
17.5 
15.0 
15.0 
16.9 
18.5 
18.1 
15.4 
14.6 
14.5 
15.4 
14.9 
14.7 


Specific 

vis- 
cosity, 
Engler, 
122°  F. 


9.1 
9.  1 
10.9 
10.5 
10.8 
126.7 
68.1 
7.3.8 
76.4 
83.7 
64.4 
71.1 
44.8 
52.  3 
43.7 
59.0 
68.0 
68.0 
54.6 
48.5 
50.4 
50.0 

23.9 
2,5.  9 
24.4 
35.8 
30.1 
29.8 
30.9 
28.2 
24.8 
16.9 
18.4 
30.9 
49.4 
50.0 
26.7 
26.4 
52.0 


Vis- 
cosity, 
Say- 
bolt- 
Furol, 
122°  F. 


Per 
cent  of 

asphalt, 
80-pene- 
tration 


117 
115 
116 
115 
115 
115 


116 


215 
215 


51.0 
52.9 
55.0 
55.5 
54.4 
73.8 
74.5 
81.2 
52.5 
77.8 
71.0 
69.1 
62.0 
66.4 
63.2 
57.0 
60.0 
63.0 
63.0 
65.8 
64.8 
66.5 

67.4 
64.5 
64.1 
60.9 
64.5 
63.6 
64.6 
63.8 
65.6 
63.0 
67.8 
62.7 
62.3 
67.4 
63.4 
63.3 
69.7 


inch.  This  was  to  insure  a  nonskid  texture  on  account 
of  steep  grades  and  sharp  curves.  Fuel  oil  having 
an  asphalt  content  of  about  65  per  cent  was  then 
applied  in  two  applications  of  one-fourth  gallon  each. 
The  oil  had  a  specific  viscosit}^  (Engler  at  122°  F.)  of 
45  to  50.  Because  of  its  high  viscosit}'',  the  oil  pene- 
trated slowly  and  chips  were  added  after  each  applica- 
tion. The  chips  ranged  in  size  from  three-fourths 
inch  to  lO-mesh,  and  the  amount  used  averaged  about 
50  cubic  yards  per  mile.  The  heavy,  sticky  oil  eflec- 
tively  held  the  chips  in  phice,  and  these,  together  with 
thorough  sweeping  prior  to  treatment,  gave  the  result- 
ing surface  the  desired  nonslcid  texture  closely  resem- 
bling that  of  bituminous  macadam,  as  shown  in  Figure 
27.  This  texture  remained  unaltered  under  traffic 
throughout  the  season. 

Roughometer  readings  ^  taken  on  this  section  during 
the  latter  part  of  August,  1926,  showed  a  roughness 
of  25  to  30  inches  per  mile,  which  corresponds  with 
that  usually  found  on  first-class  bituminous  macadam. 

The  cost  of  treating  this  section  was  $1,072  per  mile, 
or  8.7  cents  per  square  j^ard,  compared  with  $726  per 
mile  of  16-foot  width,  or  7.7  cents  per  square  yard  for 
sundar  work  in  Division  I.  The  difference  lies  in  the 
thorough  preparatory  sweeping  and  in  the  amount  of 
chips  applied.  Table  9  shows  detailed  costs  of  surface 
treatment  on  this  and  other  sections  upon  which  cover 
material  was  used  in  considerable  quantities. 

H.  S.  Comly,  division  engineer  in  charge  of  this  con- 
struction, states  that  the  average  cost  of  maintenance 


6  Headings  were  made  with  a  Bureau  of  Public  Roads  roughometer  operated  at 
20  miles  per  hour  and  calibrated  to  give  results  comparable  with  those  obtained  on 
the  same  road  with  a  vialog.  The  calibration  consisted  of  running  the  car  over  five 
1  by  lOmch  boards  placed  at  50-foot  intervals  on  a  smooth  surface.  The  result  is  taken 
lo  represent  "  10  inches"  of  roughness  and  a  conversion  factor  is  established. 


on  a  60-mile  section  of  untreated  road  between  Redding 
and  Dunsmuir,  including  the  section  above  described 
has  been  averaging  about  $1,900  per  mile  per  year 
under  traffic  of  about  1,500  vehicles.  This  cost  of 
maintenance  included  the  cost  of  such  metal  as  was 
replaced,  calcium  chloride  dust  palliative,  and  sprink- 
ling. The  experience  already  indicates  considerable 
reduction  as  a  result  of  the  oil  treatment.  In  addition, 
a  smoother,  nonskid,  dustless  surface  has  an  increased 
service  value  difficult  to  estimate. 
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Fk;.  27. — Picture  T.xken  on  the  Pacific  Higow.w  near 
Redding  One  Month  after  Completion  of  Surface, 
Showing  Surface  Texture  which  was  Retained 
under  Heavy  Traffic 

the  skyline  boulevard 

Another  section,  5}^  miles  lo.ng,  was  treated  during  the 
season  of  1926  in  Division  IV  near  San  Francisco  under 
traffic  even  more  severe  than  those  above  described. 
The  section  is  a  pleasure  drive  extending  southerly  from 
the  city  of  San  Francsico  and  carries  little  truck  traffic. 

Traffic,  according  to  the  1926  census,  averages  about 
2,000  vehicles  per  day  with  an  occasional  Sunday  maxi- 
mum of  several  times  this  number.  The  road  had  been 
surfaced  with  crushed  rock,  the  northerly  33^  miles  to 
a  width  of  35  feet  and  the  remainder  29  feet.  Light 
oil  had  been  used  as  dust  palliative  but  was  relatively 
ineffective  under  this  extremely  heavy  traffic.  Patches 
of  oil-bound  surface  had  formed  which  tended  to  add 
to  the  roughness  of  the  road,  but  it  is  probable  that  the 
use  of  the  light  oil  had  somewhat  reduced  the  loss  of 
the  metal.  It  was  not  otherwise  successful.  The  sec- 
tion was  given  a  surface  treatment  in  August,  1926, 
under  the  supervision  of  John  H.  Skeggs,  division  engi- 
neer. Preparation  for  the  new  treatment  consisted  of 
smoothing,  blading,  and  thorough  sweeping.  The 
mulching  on  the  road  was  hand  screened  to  remove  the 
dust  and  the  coarser  material  was  used  to  cover  the 
fresh  oil  which  was  spread  in  two  applications  of  ap- 
proximately one-fourth  gallon  each.  Additional  screen- 
ings were  applied  as  needed,  and  on  the  completion  of 
oiling  a  program  of  intensive  patching  and  mending 
was  undertaken.  Depressions  were  carefully  filled 
with  pre-mixed  material  and  compacted  under  traffic. 
The  construction  and  maintenance  produced  a  very 
satisfactory  surface  which  has  withstood  traffic  for 
about  a  year.  Roughometer  readings  on  February  17, 
1927,  gave  an  average  roughness  of  25  to  30  inches  per 
mile,  which,  as  has  l)een  stated,  is  about  normal  for 
first-class  bituminous  macadam.  A  section  of  asphaltic 
concrete  adjoining  this  highway  within  the  city  limits 
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of  San  Francisco  gave  a  roughness  of  40  inches  per 
mile. 

The  average  cost  of  the  treatment  on  the  Skyline 
Boulevard  was  $1,320  per  mile  and  the  width  of  the 
surface  treated  averaged  about  33  feet.  The  cost, 
width  being  considered,  was  about  average. 

With  the  cooperation  of  the  automobile  clubs,  traffic 
was  kept  off  the  oil  during  the  treatment  and  work  was 
carried  on  without  complaint  from  the  traveling  public. 

GENERAL  COMMENTS  ON  THE  METHOD  OF  SURFACE  TREATMENT 

On  the  basis  of  the  cooperative  study  to  date  and 
the  inspection  of  the  methods  and  results  of  surface 
oiling  in  Oregon  and  California,  several  general  com- 
ments are  pertinent. 

It  is  apparent  that  the  cost  of  this  bituminous  treat- 
ment in  many  cases  is  less  than  the  value  of  the  metal 
which  would  otherwise  be  lost  in  a  single  year. 

The  treatment,  where  properly  conducted  results  in 
a  dustless  surface  w^hich  is  much  smoother  than  the 
untreated  crushed  rock  and  gravel  surface;  and  experi- 
ments by  the  Washington  State  College  indicate  that 
the  tire  wear  caused  by  roads  of  this  type  is  no  greater 
than  that  caused  by  more  expensive  pavements. 

Two  physical  features  of  the  road  to  be  treated  are 
most  important.  There  should  be  an  adequate  thick- 
ness of  surfacing,  and  the  binder  in  the  road  metal 
should  not  be  a  heavy,  unstable  clay.  Such  binder  has 
given  satisfactory  results  in  some  cases  in  untreated 
roads,  but  the  application  of  oil  forms  a  waterproof 
Qover  which  holds  moisture  in  the  road,  and  clays  of 
this  character  remain  saturated,  unstable,  and  without 
cementing  value. 

It  has  been  demonstrated  by  experience  that  the 
treatment  can  be  employed  successfully  under  climatic 
conditions  as  widely  varying  as  those  of  eastern  Oregon 
and  Humboldt  and  Mendocino  Counties  in  California. 
In  eastern  Oregon  the  roads  have  been  subjected  to  a 
relatively  low  annual  precipitation,  to  long  hot  sum- 
mers, and  winters  in  which  the  temperature  goes  well 
below  zero.  It  has  been  demonstrated  in  this  section 
that  satisfactory  results  can  be  obtained  where  ex- 
tremes of  temperature  prevail  except  where  the  surface 
metal  is  mixed  with  unsatisfactory  clay  binders.  The 
sections  in  Humboldt  and  Mendocino  Counties  show 
that  a  successful  result  can  be  obtained  under  condi- 
tions of  long-continued  rainfall;  but  in  such  wet 
climates  it  has  been  found  that  variations  in  the 
characteristics  of  the  oil  have  far  more  influence  than 
is  apparent  in  the  drier,  colder  sections. 

In  the  drier  climates,  where  considerable  penetration 
is  desired,  the  light  grade  of  "fuel  oil"  has  given  excel- 
lent results.  In  sections  where  rainfall  is  heavy,  it  has 
been  found  that  the  heavier  "fuel  oil"  should  be  used, 
at  least  in  the  surface  coat.  Heavy  oil,  however, 
requires  more  screenings  than  light  oil  and  is,  therefore, 
more  costly.  In  certain  localities  a  first  application  of 
light  oil  followed  by  an  application  of  heavy  oil  will 
accomplish  the  desired  results  and  keep  the  cost  of 
screenings  at  a  minimum.  It  is  apparent,  therefore, 
that  the  selection  of  the  bituminous  material  requires 
careful  consideration. 

A  nonskid  texture  can  be  secured  on  a  road  which  is 
bound  with  stone  dust  or  inert  binder  by  sweeping 
before  treatment  until  the  stone  particles  are  exposed. 
A  covering  of  screenings  on  the  last  coat  of  oil  improves 
the  texture. 


Intelligent  and  efficient  maintenance  beginning  im- 
mediately after  construction  is  essential  to  the  success 
of  surface  treatment,  and  if  a  highway  organization  is 
not  in  a  position  to  carry  on  such  maintenance  work 
the  treatments  herein  described  are  not  recommended. 
Accurate  cost  data  as  to  maintenance  of  crushed 
rock  and  gravel  roads  thus  treated  with  light  "fuel  oil" 
are  not  yet  available,  but  indications  point  to  a  cost  of 
$300  per  mile  per  year  with  traffic  of  about  500  vehicles. 
Freshly  oiled  surface  is  readily  damaged  by  iron  tires 
which  pick  up  the  oil  and  leave'bare  tracks  that  do  not 
entirely  heal.  Rubber  tires  do  not  appreciably  damage 
such  a  road;  but  a  reckless  driver  on  a  freshly  oiled 
surface  not  only  endangers  himself  and  his  own  propert}' 
but  is  a  menace  to  others.  Skidding  upon  the  recently 
oiled  roadway  has  caused  several  accidents.  Also  it  is 
very  difficult  to  drive  a  car  over  such  a  surface  without 
spattering  it  from  end  to  end  with  oil.  The  cleaning 
of  a  car  in  this  condition  costs  from  $5  to  $10,  and  a 
considerable  loss  in  the  aggregate  may  result  to  motor- 
ists on  a  road  carrying  heavy  traffic.  One  thousand 
cars  per  day  would  mean  a  cleaning  charge  of  $5,000 
per  day  or  more.  If  this  damage  has  resulted  from 
travel  over  5  miles  of  freshly  oiled  surface,  the  charge  is 
$1 ,000  per  mile  per  day  against  the  oil  treatment.  This 
damage  might  accumulate  for  several  days  and  would 
largely  nullify  the  benefits  of  this  very  economical  type 
of  surface  treatment.  Traffic  protection  should  re- 
ceive most  careful  attention,  otherwise  the  treatment  is 
likely  to  fall  into  disfavor.  Especially  would  this  be 
the  case  if  oiling  proceeds  slowly,  new  sections  being 
opened  as  others  are  finished. 

The  application  of  chips  in  the  amount  of  about  40 
or  50  cubic  yards  per  mile  (10  or  12  pounds  per  square 
yard)  immediately  after  oiling  reduces  the  damage  to 
rolling  stock.  This  is  not  sufficient,  however,  unless 
cars  are  operated  at  very  slow  speed.  Where  detours 
are  available,  the  road  should  be  closed  to  traffic  until 
the  oil  has  penetrated.  Chips  may  be  applied,  but 
rather  to  add  nonskid  quality  to  the  road  surface  than 
as  a  protective  measure. 

If  traffic  can  not  be  detoured  and  the  road  closed 
during  treatment,  oiling  should  proceed  in  successive 
strips,  leaving  enough  untreated  or  completely  covered 
roadway  to  care  for  traffic.  In  any  event,  traffic  should 
be  cautioned  that  a  speed  in  excess  of  8  miles  per  hour 
on  a  freshly  oiled  surface,  even  for  a  few  hundred  feet, 
will  result  in  an  expensive  cleaning  job. 

Where  traffic  is  carried  on  a  road  under  treatment, 
traffic  control  is  ordinarily  installed.  The  usual  control 
is  not  sufficiently  rigid  to  provide  protection.  Such 
a  control  system,  it  is  suggested,  should  consist  of 
special  officers  stationed  at  each  end  of  the  freshly  oiled 
road.  The  officers  should  stop  each  car  and  present 
the  driver  with  a  ticket  showing  the  time  at  which  the 
car  will  reach  the  other  end  of  the  control  if  operated 
at  a  speed  of  not  more  than  8  miles  per  hour.  The 
driver  should  be  told  that  he  will  not  be  permitted  to 
pass  the  control  at  the  other  end  until  the  tinae  indicated 
Merely  cautioning  the  drivers  is  not  sufficient,  as  has 
been  demonstrated  in  many  cases. 

Too  much  stress  can  not  be  placed  on  the  importance 
of  such  protective  measures.  The  motorists  will 
benefit  after  oil  treatment  by  the  complete  elimination 
of  dust,  but  this  subsequent  benefit  is  forgotten  when 
an  owner  discovers  that  his  car  is  rather  thoroughly- 
covered  with  black,  sticky  oil. 
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BITUMINOUS  TREATMENT  OF  CRUSHED  ROCK  AND  GRAVEL  ROADS  BY  THE  SURFACE 

MIXING  PROCESS 


Wisconsin  '  began  using  n  surface-mixing  process  in 
1923,  Wj'oming  experimentally  in  1925,  and  California 
in  1926."  The  inmiediate  occasion  in  each  case  was  a 
section  of  road  with  too  much  loose  material  on  the 
surface  to  permit  use  of  the  ordinary  surface-treatment 
process;  but  promise  of  durability,  extraordinary  riding 
qualities,  and  special  adaptability  to  fine  crushed 
surfaces  indicate  a  wide  field  for  the  process. 

Wisconsin  reports  a  cost  of  about  $1,250  and  Cali- 
fornia an  average  of  about  $1,268  a  mile  for  an  18-foot 
width  of  this  type  of  treatment.  (See  Table  11.)  The 
lower  cost  of  oil  in  California  as  compared  with  tar  in 
Wisconsin  permits  a  greater  thickness  of  treated 
material  for  about  the  same  cost.  No  figures  are 
available  as  to  the  cost  of  maintenance,  but  both 
States  are  convinced  that  it  will  be  less  than  the 
maintenance  of  surface-treated  roads. 

Table   11. — Co.s-(  o/  surf  ace-mixing  treatment  on  southern  Califor- 
nia projects,  1926 
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Reduce<i  to  18-foot  road,  the  average  cost  of  the  mixed  surface  treatment  is  $1,268 
per  mile. 

Experience  with  the  surface-mixing  method  is  too 
short  to  permit  an  accurate  estimate  of  probable  life. 
However,  examination  of  a  number  of  treated  earth 
roads  constructed  10  or  more  years  ago  shows  no  dete- 
rioration of  the  oil  binder  with  age,  and,  apparently, 
the  oil  treatment  should  have  the  life  of  the  underlying 
structure,  which  depends  upon  such  factors  as  weight 
and  volume  of  traffic,  adequate  thickness,  subsoil,  and 
climate.  The  residual  asphaltic  oil  does  not  evaporate 
and  hardens  but  slowly.  Roughness  and  breaks  in  the 
surface  are  to  be  remedied  by  reworking  or  patching 
as  a  part  of  routine  maintenance. 

Although  construction  costs  are  relatively  low,  dis- 
cussion of  the  economics  of  the  type  requires  that  a 
term  be  assumed  within  which  the  cost  of  treatment 
should  be  written  oft".  Depending  as  it  does  upon  many 
factors,  the  term  must  be  rather  arbitrarily  selected. 
It  is  suggested  that  the  period  be  assumed  to  lie  between 
5  and  10  years,  dependent  upon  subsoil,  climate,  and 
probable  increase  of  traffic.  The  type  is  believed  to  be 
adequate  for  a  maximum  of  1,000  vehicles  per  day.  If 
the  treatment  is  an  emergency  measure  to  protect  a 
road  of  insufficient  thickness,  the  outcome  is  too  uncer- 
tain  to  justify  assuming  life  beyond  the  current 
maintenance  year. 


'  Tar  Surface  Treatment  of  flravel  Roads,  by  N 
vol.  6,  No.  2,  April,  1925,  p.  40. 


M.  Isabella,  Public  Roads, 


This  process  presumes  prior  construction  of  a  road- 
way of  strength  ample  to  carry  the  loads,  which  implies 
a  sufficient  thickness  of  surface  material  and  also  com- 
pactness beneath  the  oil  mixture.  A  layer  of  fine, 
loose  material  between  the  compacted  base  and  the 
treated  surface  should  be  avoided.  Mechanical  oper- 
ations will  be  difficult  where  the  road  metal  contains 
any  considerable  cjuantity  of  large  stone,  but  are  simple 
on  fine  crushed  rock  or  gravel.  The  presence  of  heavy 
clay  binder  is  objectionable,  but  the  proper  amount  of 
fine  inert  filler  is  an  advantage. 

Ths  viscosity  of  the  oil  used  is  an  important  factor 
in  this  process.  It  must  not  be  too  heavy  to  mix  with 
the  road  metal  readily  at  prevailing  temperature. 
Quantity  is  even  more  critical;  an  excess  results  in 
rutting  and  other  displacement;  a  deficiency  causes 
raveling.  Heretofore  the  only  gauge  has  been  the 
appearance  of  the  mixture,  but  the  similarity  to  other 
asphaltic  types  and  the  expense  and  unreliability  of 
cut-and-try  methods  suggest  the  possibility  of  utilizing 
a  modified  form  of  the  stain  test,  once  common  in  sheet 
asphalt  practice.  As  stated  elsewhere  in  this  report, 
experiments  along  this  line  have  been  very  promising. 
Uniformity  is  difficult  to  attain  because  inevitably  the 
thickness  will  vary  from  place  to  place,  and  with  uni- 
form application  of  oil  the  result  will  be  an  irregular 
richness.  If  the  irregularity  is  sufficient  to  be  observed 
during  the  construction  process,  additional  fine  mate- 
rial beneath  the  richer  portions  should  be  loosened  and 
incorporated  into  the  oiled  material. 

THE   SURFACE-MIXING    METHOD    AS    USED    IN    CALIFORNIA 

So  far  as  known  no  metaled  roads  on  the  Pacific 
coast  were  treated  according  to  the  Wisconsin  method 
or  in  a  similar  manner  until  the  summer  of  1926. 
During  the  latter  part  of  that  year  approximately  50 
miles  of  this  type  was  constructed  on  the  California 
highway  system  in  San  Bernardino  and  Imperial 
Counties  with,  however,  a  number  of  differences  in  the 
details  of  the  process.  Eighteen  miles  of  this  work  is 
in  San  Bernardino  County  between  Victorville  and 
Barstow,  and  the  remainder  in  Imperial  County  be- 
tween W^estmoreland  and  Yuma,  Ariz.  This  is  a 
desert  region  where  the  rainfall  is  very  light,  the 
summers  long  and  extremely  hot,  and  consolidation 
for  surface  treatment  is  impractical.  The  applica- 
tion of  the  surface-mixing  method  to  graveled  roads  in 
this  are^  was  developed  by  E.  0.  Sullivan,  division 
engineer,  California  Division  of  Highways,  and  his 
assistant,  J.  E.  Stanton. 

Experimental  section. — An  experimental  surface- 
mixed  section  700  feet  in  length  was  constructed  near 
Westmoreland,  Imperial  County,  in  June,  1926.  The 
road  had  been  surfaced  with  crushed  gravel  to  a  width 
of  18  feet  in  May,  1924  (contract  No.  430,  Imp.-26-A), 
but  had  never  compacted  under  traffic.  This  first 
experimental  treatment  consisted  of  the  application  of 
1.75  gallons  per  square  yard  of  "fuel  oil"  containing 
approximately  65  per  cent  of  80-penetration  asphalt. 
The  oil  was  spread  to  a  width  of  15  feet  and  mixed 
with  the  loose  gravel  by  blading  and  working  until 
the  mixture  was  more  or  less  uniform  in  color.  When 
inspected  on  July  7,  1926,  the  oil  mixture  appeared 
richer  on  the  northerly  side  of  the  road,  in  some  places 
contained  more  sand   than  in  others,  and  in  general 
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lacked  uniformity.  However,  it  was  reasonably  smooth 
and  did  not  displace  readily.  The  thickness  of  the 
mixture  was  found  to  be  2  to  23^  inches.  The  results 
of  this  experiment  were  encouraging  and  similar  treat- 
ment of  the  18  miles  of  the  San  Bernardino-Needles 
route  was  undertaken. 

San  Bernardino- Needles;  route. — The  sections  treated 
on  this  highway  consisted  of  13.6  miles  from  Victor- 
ville  northerly  and  4.6  miles  between  Hicks  and  Bar- 
stow.  These  sections  of  highway  were  surfaced  in  the 
early  part  of  1926  with  4  to  6  inches  of  gravel  crushed 
to  pass  a  1-inch  circular  opening.  (Contracts  476  and 
489,  S.  Bd.-31-D-E-F.)  The  subgrade  consisted  of 
disintegrated  granite  and  gravelly  desert  soil.  Because 
of  heat  and  lack  of  rainfall,  the  surfacing  material  did 
not  bind  under  traffic,  and  addition  of  disintegrated 
granite  and  other  binders  failed  to  remedy  conditions, 
so  that,  in  July,  1926,  there  was  a  blanket  of  1  to  2 
inches  of  fine,  loose  gravel  covering  the  entire  road- 
way. The  road  was  dusty  and  much  metal  was  being 
lost.  The  effort  to  bind  the  road  metal  is  reflected  in 
the  high  maintenance  costs  shown  in  Tables  1  and  1 1 . 

The  treatment  adopted  was  based  upon  the  experi- 
mental section  just  completed  near  Westmoreland  and 
was  as  follows: 

1.  The  road  metal  was  scarified  to  a  uniform  depth 
of  about  2  inches. 

2.  Oil  was  spread  upon  one-half  of  the  road  in  three 
approximately  equal  applications  to  a  total  quantity 
of  1.25  gallons  per  square  yard.  After  each  applica- 
tion the  material  was  partially  mixed  with  disk  culti- 
vators and  spring-tooth  harrows  sufficiently  to  remove 
the  excessive  stickiness  of  clear  oil.  The  other  half 
of  the  roadway  was  then  treated  in  like  manner.  When 
thus  partially  mixed  the  roadway  was  passable  for 
traffic  without  damage  to  vehicles  or  to  the  road, 
which  was  a  material  convenience  where  detours  were 
not  available.  The  oil  had  an  asphaltic  content  of 
60  to  70  per  cent  and  specific  viscositv  (Engler)  rang- 
ing from  25  to  101  at  122°  F. 

3.  The  partially  mixed  material  was  gathered  into 
windrows  by  blade  graders,  and  these  windrows  were 
moved  from  side  to  side  of  the  road  until  the  material 
was  thoroughly  mixed  as  indicated  by  uniform  color. 

4.  The  mixed  material  was  spread  by  blade  graders 
to  the  final  cross  section  and  compacted  by  traffic.  A 
blade  grader  was  continued  in  operation  for  several 
days  during  the  compacting  process  to  fill  ruts  and 
remove  irregularities. 

On  the  Victorville  section  the  treated  material  aver- 
aged 2.4  inches  in  thickness  at  the  center  and  1.74 
inches  at  the  sides  after  bemg  compacted.  On  the 
Hicks-Barstow  section  the  thicknesses  averaged  3.04 
and  1.43  inches,  respectively. 

The  cost  of  the  treatment  ranged  from  $1,158  to 
$1,580  per  mile  for  the  width  of  18  feet.  The  details 
are  shown  in  Table  11. 

A  significant  and  even  startling  loss  of  road  metal 
occurred  during  the  six  months  interval  between  the 
completion  of  gravel  surfacing  and  the  treatment  with 
oil.  (See  Table  1.)  On  the  Victorville  section  meas- 
urements showed  a  reduction  of  the  average  thickness 
from  5  to  4.22  inches.  At  $2.79  per  ton  the  value  of 
the  lost  metal  was  $979  per  mile  in  the  period  of  six 
months.  The  Hicks-Barstow  section  suffered  a  reduc- 
tion of  average  thickness  from  5  to  3.23  inches,  which 
at  the  same  unit  price  amounts  to  $2,222  per  mile  for 
the  six-month  period.  General  failure  of  the  treated 
road  due  td  lack  of  metal  would  have  been  probable 


m  the  near  future  if  the  subgrade  had  not  been  mainly 
dismtegrated  granite  or  stable  sand-clay. 

The  surface  of  the  treated  road  is  "clean,  dustless, 
reasonably  nonskid,  and  smooth.  Roughometer  read- 
mgs  taken  in  October,  1926,  immediately  after  com- 
pletion showed  a  total  roughness  of  only  10  inches  per 
mile.  In  July,  1927,  readings  were  again  taken  and 
the  roughness  was  approximately  the  same.  For  com- 
parison, it  should  be  stated  that  the  usual  degree  of 
roughness  on  first-class  asphaltic  pavement  ranges 
from  15  to  25  inches  per  mile  and  on  best  concrete  from 
6  to  10  inches.  In  so  far  as  smoothness  is  concerned, 
the  mixing  method  as  practiced  on  this  section  gave 
better  results  nine  months  after  completion  than  hot- 
mixed  asphaltic  concrete.  The  reason  for  the  smooth- 
ness is  the  method  of  manipulation,  by  which  the 
bituminous  mixture  is  compacted  gradually  under 
traffic  from  the  base  upward  rather  than  downward 
from  the  top  as  occurs  under  a  roller  in  ordinary 
bituminous  construction.  The  use  of  long-wheel-base 
blades  removes  corrugations  or  other  irregularities 
which  might  otherwise  form  during  construction  and  the 
low  bituminous  content  probably  contributes  to 
stability. 

For  comparison  with  the  treated  sectioiis,  roughness 
readings  were  taken  on  an  untreated  section  7  miles  in 
length  between  the  two  treated  sections.  These  aver- 
aged 119  inches  per  mile,  showing  that  the  untreated 
surface  was  twelve  times  as  rough  as  the  treated  sec- 
tions. The  untreated  gravel  was  maintained  in  the 
usual  manner  by  blading  and  keeping  a  loose  mulch 
over  the  surface  and,  in  addition  to  bemg  much  rougher 
than  the  treated  surface,  was  very  dusty  and  was 
probably  being  worn  away  at  such  a  rate  that  the  loss 
would  equal  the  cost  of  oiling  in  a  few  months. 

SURFACE   MIXING   IN   IMPERIAL    COUNTY 


with  crushed  gravel  (contracts  430,  438,  and  465)  hi 
1924  and  1925,  but,  excepting  the  Sand  Hills-Yuma 
portion,  had  never  properly  compacted  because  of 
extreme  heat  and  lack  of  humidity.  During  subse- 
quent maintenance  disintegrated  granite  binder  was 
added  between  El  Centro  and  Imperial  and  water 
was  freely  used  but  without  accomplishing  much  to- 
ward compacting  the  material  or  reducing  the  dust 
nuisance.  In  1925  several  applications  of  40  to  50 
per  cent  asphaltic  oil  was  spread  at  the  rate  of  one- 
seventh  to  one-tenth  gallon  per  square  yard  in  a  further 
effort  to  overcome  the  dust,  but  the  looseness  of  the 
surfacing  material  rendered  this  ineft'cctive  except  on 
the  Sand  Hills-Yuma  section,  where  some  improve- 
ment resulted.  It  afterwards  appeared  that  the  oil 
used  on  this  portion  of  the  road  actually  contained  as 
much  as  68  per  cent  of  asphalt,  but  the  amount  applied 
was  not  sufficient  to  produce  a  permanent  wearing 
surface. 

The  mixing  method  finally  adopted  on  these  Impe- 
]-ial  Valley  sections  was  quite  similar  to  that  used  in 
San  Bernardino  County,  excepting  that  the  quantity 
of  oil  was  at  first  reduced  to  1  gallon  per  square  yard. 
After  completing  the  treatment  with  this  amount  of 
oil  evidence  of  insufficiency  developed.  The  treated 
material  was  again  scarified  and  an  additional  one- 
half  gallon  of  oil  per  square  yard  was  applied,  the  mix- 
ing pi-ocess  resumed,  and  finally  the  mixed  material 
was  distributed  with  a  blade  grader  and  compacted 
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Fig.  28. — Method  of  Applying  Oil  Treatment 


A. — Disk  aiul  spring-tooth  harrows  following  oil  distributor 

B. — Oil  applied  to  one  side  of  road  at  a  rate  of  1.5  gallons  per  square  yard  and  harrowing  completed 

C. — One  side  of  road  stripped  of  oiled  material,  which  is  piled  in  a  windrow  just  beyond  the  center 

D. — Grader  mixing  material  by  taking  it  from  windrow  and  casting  into  another  on  far  side  of  road 

E. — Condition  of  road  surface  on  the  day  following  final  spreading  with  a  1 2-foot  blade  grader 

F. — Traffic  compacted  surface  about  one  month  after  final  spreading 
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Fig.  29. — Modification  of  the  Mixing  Proce.ss  on  the  M.a,ripos.\-Briceburg  Ro.\d,  Tre.\ting  Half  the  Roadway 

AT  A  Time 

A. — Third  oil  application  followed  by  di.sking.     The  material  is  somewhat  coarser  than  on  other  projects 

B. — Manipulating  material  with  tractor-drawn  grader 

C. — Final  distribution  of  mixed  material  ^ 

D. — Half  of  roadway  completed  and  ready  for  traffic 


as  in  San  Bernardino  County.  According  to  measure- 
ments made  in  February,  1927,  the  average  thickness 
is  about  2}/^  inches. 

The  cost  of  the  work  in  Imperial  County  was  appro.xi- 
mately  $1,400  per  mile  for  20  feet  of  width.  The 
details  are  shown  in  Table  11. 

The  Imperial  Valley  sections,  when  measured  for 
roughness  in  February,  1927,  were  found  to  be  even 
smoother  than  the  Victorville-Barstow  Road  in  San 
Bernardino  County. 

The  loss  of  metal  on  these  Imperial  Valley  sections 
prior  to  oiling  was  very  high.  (Table  1.)  On  the 
Sand  Hills- Yuma  section,  the  loss  amounted  to  $1,010 
per  mile  per  year.  On  the  others  it  ranged  from  $1,726 
to  $3,097  per  mile  per  year.  Consequently  the  mate- 
rial remaining  was  inadequate  for  oiling.  In  many 
places  there  was  no  metal  between  the  oiled  wearing 
surface  and  the  clay  and  silt  subgrade.  Fortunately, 
however,  the  subgrade  did  not  become  saturated  during 
the  winter,  and  the  road  was  in  remarkably  good  con- 
dition in  the  spring. 

On  the  section  between  Brawley  and  Imperial  there 
are  a  number  of  places  where  the  clay  subgrade  has 
become  saturated  and  the  surface  rutted.  A  sample 
of  clay  from  the  subgrade  beneath  a  rut  had  a  lineal 
shrinkage  of  7.7  per  cent  and  a  field  moisture  equivalent 
of  28.4  per  cent,  showing  it  to  be  unstable  and  unsuit- 
able for  subgrade  purposes.  The  sections  showing  dis- 
tress probably  represent  less  than  l}/^  miles  out  of  the 


total  9-mile  length,  and  the  defects  do  not  interfere 
with  the  confortable  use  of  the  road.  If  this  section  of 
highway  had  not  been  oiled,  it  could  not  have  carried 
traffic  through  the  winter  of  1926-27.  As  a  result  of 
the  expenditure  of  approximately  $1,400  per  mile  for 
oil  treatment,  80  to  90  per  cent  of  the  surface  has  been 
saved  from  destruction,  and  after  five  months'  use  is, 
from  the  motorists'  standpoint,  equal  to  the  highest 
type  of  pavement.  The  cost  of  oiling  was  less  than  the 
combined  cost  of  maintenance  and  loss  of  metal  would 
have  been  during  the  same  five  months  under  normal 
conditions.  In  view  of  the  inadequacy  of  the  metal  on 
the  road  at  time  of  treatment,  it  is  not  to  be  expected 
that  this  section  can  meet  the  hea^'y  traffic  require- 
ments for  an  indefinite  period  without  some  reconstruc- 
tion, but  from  the  appearance  at  the  present  time  it  is 
believed  that  reconditioning  of  one-quarter  of  the 
mileage  will  care  for  the  weak  places  and  the  remainder 
will  give  service  for  a  considerable  period. 

The  series  of  photographs  in  Figure  28  illustrate  the 
various  steps  in  the  surface-mixing  process  as  usually 
practiced;  those  in  Figure  29  illustrate  a  modification 
of  the  process  employed  on  the  Mariposa-Briceburg 
Road,  where  half  of  the  roadway  was  treated  separately. 

TESTS  OF  SURFACE  MIXTURES 

Analyses  of  samples  taken  from  surface-mixed  road- 
ways show  that  apparently  the  amount  of  "fuel  oil" 
required   in   a  surface  mixture  is  about  three-fourths 
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the  quantity  of  asphalt  that  would  be  used  for  the  same 
grading.  So  long  as  the  correct  amount  of  oil  is  used, 
ft  appears  that  wide  variations  in  grading  may  be  toler- 
ated. Samples  were  taken  from  successful  bituminous 
surfaces  produced  by  the  mixing  method  where  the 
material  varied  from  silt  to  crushed  gravel. 

An  empirical  formula  has  been  developed  which  is 
tentatively  sul)mitted  with  the  thought  that  it  may  be 
of  value  "in  estimating  the  amount  of  oil  required. 
It  is  not  applicable  to  porous  or  absorbent  materials 
such  as  cinders  or  lava  but  otherwise  it  appears  to  give 
results  which  are  consistent  with  service  obtained 
from  various  mixes.    The  formula  is: 

P=.015fl  +  .036  +  .17c 

in  which  F  is  the  percentage  of  oil  required,  a  is  the 
percentage  of  metal  retained  on  a  10-mesh  sieve,  h  is 
the  percentage  of  metal  passing  the  10-mesh  and 
retained  on  the  200-mesh  sieve,  and  c  is  the  percentage 
passing  the  200-mesh  sieve. 

The  stain  test  hereafter  described,  apparently  fur- 
nishes the  only  reliable  means  for  determining  the 
amount  of  oil  required  for  absorbent  materials. 

Used  with  nonabsorbent  materials,  the  proportion  of 
oil  calculated  from  the  formula  has  furnished  satisfac- 
tory stains  from  many  mixtures  prepared  in  the 
laboratory;  but  even  with  such  materials  the  indica- 
tions of  the  stain  test  seem  to  be  a  more  reliable  guide 
than  the  formula  in  case  of  conflict  between  the  two 
methods. 

Stain  test. — Inasmuch  as  the  success  of  the  surface- 
mixing  method  depends  upon  correct  gauging  of  oil 
requirements  and  upon  uniform  mixing,  an  attempt 
was  made  to  find  a  field  test  which  would  be  of  value  to 
those  carrying  on  such  work.  Resort  was  had  to  a 
modified  form  of  the  pat  stain  test  used  for  many  years 
in  the  control  of  sheet  asphalt  mixtures.  This  stain 
test  can  not  be  made  on  samples  containing  coarse 
sand  or  gravel.  It  is,  therefore,  necessary  to  prepare 
samples  for  test  by  removing  coarse  particles,  and  it  is 
also  necessary  that  the  samples  be  heated.  The  stain 
test  as  finally  developed  is  described  as  follows: 

The  sample  from  the  roadway  is  first  warmed.  The 
fine  material  is  then  separated  from  the  coarse  by 
passing  through  a  10-mesh  sieve.  This  can  be  readily 
accomplished  by  rubbing  gently  with  the  fingers  and 
by  loosening  the  fine  particles  that  adhere  to  the  coarse. 
The  particles  which  do  not  pass  the  10-mesh  sieve  may 
be  discarded.  The  original  sample  should  be  of 
sufficient  size  to  provide  about  1  pound  of  material 
passing  the  10-mesh  sieve.  This  10-mesh  material  is 
heated  to  approximately  the  boiling  point  of  water, 
which  may  be  conveniently  accomplished  by  placing 
the  sample  in  a  fruit  jar  or  can  and  allowing  it  to  remain 
partially  submerged  in  the  boiling  water  for  a  period 
of  about  one  hour.  The  heated  mixture  is  then 
dumped  in  a  pile  on  the  center  of  a  sheet  of  white  type- 
writer paper  and  leveled  to  a  thickness  of  about  1 
inch,  when  another  sheet  of  paper  is  placed  on  top.  A 
wooden  block  2  inches  thick  is  placed  on  top  of  the 
paper  and  to  this  are  delivered  five  blows  from  a  2- 
pound  hannner,  falling  freely  for  a  distance  of  about 
1  foot.  The  two  papers  are  then  removed  from  the 
asphaltic  mixtures  and  the  stain  produced  indicates 
the  relative  amount  of  oil  in  the  sample. 

Satisfactory  surface  mixtures  will  produce  a  light 
yellowish  brown  stain,  in  which  the  impression  of  the 
individual   sand   particles  may   be   distinguished   and 


which  is  not  blurred  or  blotched.  A  heavy  stain  indi- 
cates the  presence  of  excess  oil,  which  is  not  only  uneco- 
nomical but  also  causes  displacement  under  traffic. 

Samples  of  the  completed  surface  mixture  were  taken 
from  the  sections  of  treated  crushed  gravel  roads  in 
San  Bernardino  and  Imperial  Counties,  and  also  for 
comparative  purposes  from  oiled  earth  and  sand  road-; 
and  shoulders  in  Imperial  and  Riverside  Counties. 
These  samples  were  subjected  to  mechanical  analysis 
and  to  the  above-described  stain  test  with  interesting 
and  illuminating  results.  The  results  of  typical  tests 
are  shown  in  Figures  30,  31,  and  32. 

The  asphalt  content  of  the  samples  taken  from  the 
crushed  gravel  roads  in  Imperial  and  San  Bernardino 
Counties  ranged  from  4.3  to  5  per  cent  of  the  total 
mixture,  or  from  7.8  to  10  per  cent  of  the  sand  present 
(material  passing  the  10-mesh  sieve).  The  proportion 
of  asphalt  to  fines  in  the  treated  earth  and  sand  roads 
is  also  very  similar.  Examined  in  the  light  of  the  stain 
tests  and  the  observed  behavior,  it  is  apparent  that  the 
amount  of  bitumen  required  in  both  the  crushed  gravel 
and  earth  mixtures  varies  with  the  grading  of  the 
material. 

Tests  106,  110,  111,  and  113,  the  results  of  which  are 
shown  in  Figure  31,  are  particularly  illuminating. 
Sample  106  was  taken  from  an  oiled  earth  road  in 
Riverside  County.  The  natural  road  material  in  this 
case  was  a  fine  siltv  soil  and  the  treatment  consisted  of 
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Test  No.  107-Vin-Imp.-26-A.    Reoiled  surface  2  inches  thick 


Grading  of  total  sample 

Grading  of  material  finer  than  10-mesh 

Size 

Per  cent 
passing 

Size 

Per  cent 
passing 

200-mesh 

11.9 
47.5 
62.8 
76.7 
88.0 
94.6 
100.0 

200-mesh 

25.0 

10-mesh 

100-mesh 

53.3 

3-mesh 

69.9 

}/^-inch 

40-mesh 

74.7 

M-ineh 

30-mesh 

78.6 

1-inch 

20-mesh 

89  0 

IM-inch 

10-mesh 

100  0 

Bitumen:  7.8  per  cent  of  total  sample;  3.5  per  cent  theoretical  requirement. 
Fig.  30.— Typical  Oil  Stain 
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Test  No.  110-VIII— Imp.-26-C.    Crushed  gravel  treated  by  mixing  method;  bitii 
minous  surface,  2)-^  inches  thick 


Tost  No.  lU-VIII— Imp.-27-B.     Oiled  blow  sand;  shoulders  adjacent  to  pavement 
soft  and  loose 


Grading  of  total  sample 


Size 

Per  cent 
passing 

200-mesh 

11.0 

45.8 

3-mesh , 

82.4 

95.8 

^-inch _,_  .  --_  - 

97.5 

1-inch -  

100.0 

Grading  of  material  finer  than  10-mesh 


Grading  of  total  sample 


Size 


200-mesh . 
100-mesh. 
50-mesh._ 
40-mesh._ 
30-mesh.. 
20-mesh.. 
10-mesh.. 


Per  cent 
passing 


Size 


24.0  200-mesh. 
38. 2  10-mesh .  _ 
50. 7  3-mesh . . . 
56. 6  U-inch . . . 
62. 9 
74.5 
100.0 


Bitumen:  4.6  per  cent  of  total  sample;  3.7  per  cent  theoretical  requirement. 


Per  cent 
passing 


4.6 
97.1 
98.0 
100.0 


Grading  of  material  finer  than  10-mesh 


Size 


Per  cent 
passing 


200-mesh . 
100-mesh. 
50-mesh . . 
40-mesh.. 
30-mesh.. 
20-mesh_. 
10-mesh.  _ 


4.6 
24.0 
50.2 
73.3 
88.2 
97.1 
100.0 


Bitumen:  12.4  per  cent  of  total  .sample;  4.1  percent  theoretical  rer4Uiremeut. 


Test   No     113-\'III— Imp -12-A      Sand-oil    detour    road;   bituminous   treatment,      Test' No.  106,  Coachella  Valley-Riverside  County.    Oiled  dirt  road  (mixing  method) 
7!4  inches  thick  treatment  about  5  inches  thick 


Grading  of  total  sample 


Size 


200-mesh. 
10-mesh.. 
3-mesh . . . 
^-inch... 
54-inch . . . 


Per  cent 
passing 


4.1 
79.7 
97.9 
99.4 
100.0 


Grading  of  material  finer  than  10-mesh 


Grading  of  total  sample 


Size 


200-mesh . 
100-mesh. 
50-mesh.. 
40-mesh. _ 
30-mesh.. 
20-mesh._ 
10-mesh.. 


Per  cent 
passing 


Size 


4. 9     200-mesh. 

8.6     10-mesh.. 
18.2     3-mesh... 
26.6 
36.5 
61.0 
100.0 


Per  cent 
passing 


43.8 
99.8 
100.0 


Grading  of  material  finer  than  10-mesh 


200-mesh . 
100-mesh. 
50-mesh.. 
40-mesh.. 
30-mesh.. 
20-mesh.. 
10-mesh.  _ 


Per  cent 
passing 


43.8 
55.6 
82.2 
89.2 
93.3 
98.1 
100.0 


Bitumen:  3.4  per  cent  of  total  sample;  3.3  per  cent  theoretical  requirement.  Bitumen:  9. 4  per  cent  of  total  sample;  9.2  per  cent  theoretical  requirement. 

Fig.  31. — Typic.\l  Oil  Stains 
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Test  No,  112-VIII-Imp.-27-B2.    Crushed  gravel  treated  by  mixing  method;    bitu- 
minous surface,  3-inoh  thicli.  is  very  hard  and  smooth 


Test  No.  108-VHI-Inip.-26-.\.     Crushed  gravel  treated  by  mixing  method;    bitu- 
minous surface,  2H  inches  thick 


Grading  of  total  sample 

Grading  of  material  finer  than  10-mesh 

=!i7P                         Percent 
^"^^                       i   passing 

Size 

Per  cent 
passing 

200-mesh 

11.0 

1  200-mesh                               

19.7 

10-mesh 

55.3 
79.5 
89.9 
97.9 
100.0 

100-mesh-  _  _. 

44.7 

.^-me«h                                        ■ 

50-mesh 

56.0 

3^-inch 

40-mesh 

63.9 

M-inch 

30-mesh.        _.  . _. 

68.1 

1-inch     .  - 

20-mesh. 

78.2 

10-mesh 

100.0 

Grading  of  total  sample 

Grading  of  material  finer  than  10-mesh 

Size                       i  ^'"'  ^■*°* 
^"■*'                      j   passmg 

Size 

Per  cent 
passing 

200-mesh                                                  12.9 

200-mesh..  

22.6 

10-mesh                      ""                          58. 5 

100-mesh. 

41.4 

3-mesh                                               75. 9 

50-mesh—    -      - .,  , 

57.7 

J/^-inch                                                 85. 5 

40  mesh - 

64.0 

Ji-inch                                                  96. 5 

30-mesh ._ 

70.0 

1-inch                                                  100.0 

20-mesh  „.  -  __          -  

81.9 

10-mesh              _          _       _  _ 

100.0 

1 

Bitumen:  4.3  per  cent  of  tot'.]  sample;  3.9  per  cent  theoretical  refjuirement.  Bitumen:  4.8  per  cent  of  totil  sample;  4.2  per  cent  theoretical  requirement 


Test  No.  101-VIII-S.  Bd.-31-D.    Crushed  gnvel  treated  by  mixing  method;  bilu-     Test  No.  Ift-i-VIII-S.  Bd.-31-E.    Crushed  gravel  treated  by  mixing  method;   bitu- 
minous surface,  m  inches  thick  minous  surface,  2M  inches  thick,  is  hard,  tight,  and  smooth 


Grading  of  total  sample 

Grading  of  material  finer  than  10-mesh 

Size 

Per  cent 
passing 

Size 

Per  cent 
pa.ssing 

200-mesh 

1.3.5 
55.9 

200-mesh 

23  6 

10-mesh.. 

100-mesh 

40.1 
57.1 
64  5 

3-mesh...     

73.5 
83.4 
96.4 
100.0 

.50-mesh 

}4-inch 

M-inch_   

40-mesh  

30-mesh 

70.6 
82  5 

1-inch 

20-mesh. _.               

10-mesh 

100.0 

Bitumen:  4  per  cent  of  total  sample;  4.3  per  cent  of  theoretical  requirement. 


Grading  of  total  sample 

Grading  of  material  finer  than  10-mesh 

Size 

Per  cent 
passing 

Size 

Per  cent 
passing 

200-mesh..  ,.. 

9.1 
49.5 
66.0 
76.7 
93.4 
100.0 

200-mesh 

20  5 

10-mesh.   _.  .  

100-mesh. 

37.5 

3-mesh.. 

55.9 

Ji-inch..     

40-mesh 

63  8 

?i-inch 

30-mesh 

70.0 

1-inch 

20-mesh. _  _  _.  .  _ 

8''.  4 

10-mesh 

100.0 

Bitumen:  3.5  per  cent  of  total  sample;  3.5  per  cent  theoretical  requirement. 


Fig.  32.— Typical  Oil  Stains 
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mixing  4  gallons  of  oil  per  square  yard  with  the  earth. 
The  analysis  shows  a  very  high  percentage  of  fines  and 
the  proportion  of  oil  to  sand  is  9.4  per  cent,  which 
agrees  very  closely  with  the  9.2  per  cent  determined  as 
the  theoretical  requirement  hy  means  of  the  formula 
mentioned  above.  The  stain  is  typical  of  that  produced 
where  the  amount  of  bitumen  is  just  sufficient  to  coat 
the  particles  and  to  secure  the  necessary  binding. 
-  Test  110  represents  material  from  the  oil-treated 
crushed  gravel  surface  between  Brawley  and  Imperial. 
The  sand  in  this  sample  is  somewhat  coarser  than  in 
test  106  and  the  amount  of  bitumen  required  is,  there- 
fore, less.  A  satisfactory  stain  produced  in  this  case, 
by  oil  in  the  amount  of  8.4  per  cent  of  the  material 
passing  the  10-mesh  sieve,  indicates  that  percentage  to 
be  the  correct  amount  of  oil. 

Test  111  was  taken  from  the  oiled  sand  shoulders 
adjacent  to  the  pavement  on  the  Sand  Hills  section 
between  Holtville  and  Yuma.  The  analysis  shows  a 
very  small  percentage  of  dust  passing  the  200-mesh 
sieve  and  a  moderate  percentage  passing  the  100-mesh. 
The  amount  of  oil  is  about  3  per  cent  higher  than  in 
test  106  and  the  very  heavy  stain  clearly  shows  an 
excess.     The  suggested  remedy  would  be  to  add  fine 


material,  either  dust  or  sand,  in  suflficient  amount  to 
dry  the  mix  until  a  normal  stain  is  produced. 

Test  113  is  from  a  sample  of  the  oiled  sand  roadway 
constructed  east  of  Meyers  Creek  Bridge  in  Imperial 
County.  The  analysis  shows  the  sand  to  be  much 
coarser  than  the  other  samples;  in  fact,  closely  ap- 
proaching a  concrete  sand.  Fines  are  almost  entirely 
lacking.  A  normal  stain  in  this  case  was  produced  by 
41^  per  cent  of  oil.  The  road  constructed  with  this 
material  is  satisfactory,  and  an  inspection  of  the  road 
shows  that  the  amount  of  oil  used  wa$  entirely  sufficient. 

In  these  samples  three  normal  stains  were  produced 
with  varying  amounts  of  oil  and  the  one  extremely 
heavy  stain  was  due  to  excess  of  oil  and  lack  of  dust  in 
sand. 

Figures  30  and  32  show  other  typical  stains  and 
analyses  of  samples.  All  of  these  samples  with  the 
exception  of  107  are  from  surfacing  which  is  giving 
satisfactory  service  and  which  apparently  contains 
about  the  correct  amount  of  oil.  Test  107  was  made 
on  a  sample  of  crushed  gravel  surface  which  had  been 
reoiled  and  which  appeared  to  contain  more  oil  than 
is  desirable.  The  stain  corroborates  the  observations 
made  at  the  time  of  the  inspection. 


SELECTION  OF  THE  METHOD  AND  OIL  FOR  TREATMENT 


From  the  foregoing  description  and  analysis  of  the 
methods  of  surface  treatment  and  surface  mixing — 
the  two  methods  of  treating  crushed  rock  and  gravel 
roads  thus  far  developed — it  is  apparent  that  the  selec- 
tion of  one  or  the  other  for  the  treatment  of  a  particular 
road  is  a  matter  requiring  the  exercise  of  seasoned 
judgment. 

Method  of  surface  treatment. — The  method  of  surface 
treatment  is  adapted  to  compacted  material  only. 
Usually  a  road  is  in  best  condition  for  treatment  after 
being  subjected  to  traffic  for  a  time.  However,  new 
surfacing  material,  if  thoroughly  compacted  with  water 
and  traffic  during  construction,  is  very  satisfactory. 
Being  somewhat  porous,  such  new  material  absorbs  oil 
readily. 

An  old  road  containing  considerable  coarse  material, 
if  it  can  be  repaired  well  in  advance,  is  well  adapted  to 
surface  treatment  because  the  large  stones  are  well 
anchored. 

Method  oj  surface  mixing. — This  treatment  is 
adapted  to  any  crushed  rock  or  gravel  road  which  is  in 
need  of  the  addition  of  considerable  new  material  to 
restore  its  thickness,  or  which,  because  of  lack  of  binder 
or  climatic  condition,  is  not  tightly  bound. 

The  surface-mixing  method  is  the  only  one  that  is 
adapted  to  the  treatment  of  a  loose  surface;  but  in  the 
use  of  this  method,  as  in  surface  treatment,  the  base 
course  should  be  thoroughly  compacted.  The  presence 
of  material  larger  than  1  inch  presents  mechanical 
difficulties. 

Where  traffic  can  not  be  kept  off  the  road  during  the 
time  required  for  absorption  of  oil  applied  by  the  sur- 
face treatment  method,  the  surface-mixing  method  is 
especially  attractive.  If  the  oil  be  partially  mixed  with 
the  metal  immediately  after  application,  traffic  can 
pass  through  without  difficulty.  The  loose  surface 
encourages  slow  driving,  whereas  the  firm  surface 
always  present  in  the  other  type  of  treatment  tempts 
rapid  driving  and  the  consequent  spattering  of  oil  on 
vehicles. 


Many  existing  projects  have  lost  so  much  material 
that  renewal  is  required  before  treatment.  If  enough 
remains  for  a  base,  it  may  be  repaired  and  shaped, 
covered  with  approximately  2  inches  of  material  pass- 
ing a  three-fourths  or  1-inch  circular  opening,  and 
treated  by  the  mixing  process  immediately. 

Either  type. — A  well  compacted,  fine  crushed  rock  or 
gravel  surface  of  adequate  thickness  may  be  treated 
successfully  by  either  method.  Choice  depends  upon 
relative  service  and  life^  about  which  there  is  no  defi- 
nite information.  The  mixing  treatment  will  cost  more 
than  the  surface  treatment,  and.  therefore,  must  show 
a  correspondingly  longer  life  or  lower  maintenance  to 
justify  its  use.  The  surface  treatment,  if  not  thor- 
oughly successful,  can  later  be  converted  into  a  mixed 
treatment,  with  a  final  cost  not  greatly  exceeding  that 
of  an  original  mixed  treatment. 

Emergency  treatment. — A  problem  frequently  arises 
with  the  discovery  that  untreated  material  is  being 
dissipated  so  rapidly  that  a  few  months'  delay  will 
bring  complete  failure.  Usually  a  large  proportion  of 
the  original  material  has  already  been  lost.  If  restora- 
tion to  full  original  thickness  or  substitution  of  a  heavier 
type  of  surfacing  can  not  be  done  immediately,  it  may 
be  expedient  to  oil  the  metal  remaining  to  prevent  its 
complete  destruction.  Some  failures  may  be  expected 
but  can  not  reasonably  be  charged  to  the  treatment. 

OIL   FOR  SURFACE   TREATMENTS   AND   SURFACE   MIXING 

In  the  treatments  of  crushed  rock  and  gravel  roads 
described  in  this  report  the  bituminous  binder  has 
usually  consisted  of  the  material  known  locally  on  the 
Pacific  coast  as  "fuel  oil,"  or  the  lightest  grades  of 
"road  oil."     Both  are  asphaltic  base  products. 

The  material  sold  as  "fuel  oil"  has  an  asphaltic  con- 
tent up  to  about  70  per  cent  and  a  viscosity,  Saybolt- 
Furol,  up  to  300  at  122°  F.  The  term  "road  oil"  has 
been  applied  to  oil  residuum  having  an  asphaltic  content 
of  70  to  98  per  cent,  being  thus  distinguished  from  the 


154 


PUBLIC    KOADS 


Vol.  8,  No.  7 


heavier  residuums  which  ere  u'^ually  termed  "asphalts" 
of  E  Of  D  grade. 

Asphalt  content  in  this  connection  and  as  used  m 
this  report  is  the  percentage  of  residue  having  a  pene- 
tration of  80  at  77°  F.  as  "fuel  oils"  have  usually  been 
specified  by  specific  gra\  ity  in  degrees  Baume,  or  by 
viscosity  rather  than  by  asphalt  content. 

"Fuel  oils"  arc  considerably  cheaper  than  "road 
oils"  or  "asphalt,"  and  they  are  especially  appropriate 
for  most  of  the  work  that  has  been  described  because 
they  penetrate  readily  and  have  the  advantaae  of  being 
much  more  easily  reworked  than  the  heavier  materials. 

"E"  grade  asphalt  and  the  00  to  95  per  cent  road 
oils  have  been  very  extensively  used  in  the  AVestern 
States  in  bituminous  macadam  work  and  to  a  more 
limited  extent  in  surface-treatment  work.  Some  of 
the  cities  and  counties  of  California  have  secured  very 
satisfactory  results  by  building  a  well-bound  coarse 
rock  macadam  the  surface  of  which  has  been  thoroughly 
broomed,  then  covered  with  road  oil  and  screenings. 
Somewhat  similar  treatments  have  been  widely  used 
by  various  highway  departments.  Los  Angeles, 
Orange,  Monterey,  San  Joaquin,  San  Benito,  Santa 
Cruz,  San  Bernarclino,  and  other  California  counties 
have  used  large  quantities  of  road  oils  in  surface  and 
penetration  treatments  with  marked  success.  This 
report,  however,  is  devoted  to  the  use  of  "fuel  oil" 
or  the  lightest  grades  of  "road  oil."  "Fuel  oils"  are 
considerably  cheaper  than  the  "road  oils"  or  asphalt, 
penetrate  readily,  and  are  more  easily  reworked. 

Viscosity  may  vary  widely  iridependently  of  asphaltic 
content,  which  permits  selection  of  various  grades  for 
special  uses  while  specifying  a  single  range  of  asphalt 
content,  as  60  to  70  per  cent.  Maxmium  penetration 
can  be  secured  by  using  oil  of  low  viscosity.  For 
niLxed  treatments  mediiun  viscosity  appears  desirable, 
because  the  oils  with  high  viscosity  are  harder  to  handle 
and  more  difficult  to  mix  with  road  metal.  In  surface- 
treatment  work  where  chips  are  to  be  used  in  ciuantity 
high  viscosity  is  desirable. 

■  Probable  rainfall  is  another  consideration  affecting 
the  selection  of  oil.  The  lightest  oil  shows  a  tendency 
to  wash  out  of  the  road  during  long-continued  wet 
weather.  In  many  instances  good  results  have  been 
secured  by  applying  light  oil  as  a  first  treatment, 
followed,  after  this  treatment  has  penetrated,  by  an 
application  of  heavy  oil  and  screenings.  In  all  of  these 
matters  viscosity  is  an  important  characteristic. 

All  of  the  grades  of  "fuel  oil"  used  in  bituminous 
treatment  are  more  uniformly  distributed  if  heated  to 
150°  F.  or  200°  F.  The  oil  is  usually  heated  with  steam 
at  the  time  it  is  unloaded  from  the  car. 

Following  is  a  suggested  specification  which  has  been 
used  by  the  California  Highway  Commission  for  the 
purchase  of  oil  for  f927  operations.  It  provides  "fuel 
oil"  of  three  grades  adaptable  for  use  as  outlined  above. 
These  specifications  have  been  discussed  with  repre- 


sentatives of  the  large  producers  of  California  oil  and 
are  believed  to  exclude  any  unnecessary  recpiirements 
which  would  be  reflected  in  higher  costs. 

SPECIFICATIONS   FOR    FUEL   OIL    FOR    USE   IN    BITUMINOUS 
TREATMENTS 

Oil  furnished  under  these  specifications  shall  be  made 
from  an  asphaltic-base  oil.  It  shall  be  either  a  naturally 
homogenous  oil  or  a  homogenous  residue  from  oil.  It 
shall  not  have  been  distilled  at  a  temperature  high 
enough  to  injure  by  burning  or  to  produce  flecks  of 
carbonaceous  matter.  It  shall  meet  the  following 
requirements: 

Flash,  point. — The  flash  point  by  the  Pensky-Martens 
closed-tester  method  shall  not  be  lower  than  175°  F. 

Viscosity. — Oil  shall  be  classified  as  to  viscosity  in 
three  grades  as  follows: 

Light  fuel  oil  shall  have  specific  viscosity  (Engler) 
at  122°  F.  of  not  less  than  10  nor  more  than  25. 

Medium  fuel  oil  shall  have  a  specific  viscosity 
(Engler)  at  122°  F.  of  not  less  than  25  nor  more  than  45. 

Heavy  fuel  oil  shall  have  a  specific  viscosity  (Engler) 
at  122°  F.  of  not  less  than  45  nor  more  than  80. 

Water  and  sediment. — Water  and  sedunent  combined 
shall  not  exceed  2  per  cent. 

Asphalt  content. — Fuel  oil  shall  contain  not  less  than 
60  per  cent  nor  more  than  70  per  cent  of  asphaltic 
residue  having  a  penetration  of  80  at  77°  F. 

Test  methods. — Except  as  hereinafter  specified,  all 
tests  of  fuel  oils  shall  be  made  in  accordance  with 
standards  of  the  American  Society  for  Testing  Mate- 
rials applicable  thereto,  with  amendments  and  revisions 
thereof  adopted  by  said  society.  The  following  special 
test  requirements  are  noted  for  viscosity  and  asphalt 
determinations: 

VISCOSITY 

Specific  viscosity  (Engler)  shall  be  determined  on  a 
50-cubic  centimeter  sample  in  the  manner  described  in 
United  States  Department  of  Agriculture  Bulletin  No. 
1216,  page  59.  The  determination  of  viscosity  may 
also  be  made,  at  the  option  of  the  producer,  in  accord- 
ance with  the  A.  S.  T.  M.  viscosity  test  D  88-26,  using 
the  Saybolt-Furol  viscosimeter  at  a  temperature  of 
122°  F.,  in  which  case  the  Saybolt-Furol  time  shall  be 
not  less  than  35  nor  more  than  90  seconds  for  the  light 
fuel  oil;  not  less  than  90  nor  more  than  160  seconds  for 
medium  fuel  oil;  and  not  less  than  160  nor  more  than 
280  seconds  for  heavy  fuel  oil. 

ASPHALT    CONTE>fT 

Asphalt  content  shall  be  determined  by  open  evapo- 
ration using  the  A.  S.  T.  M.  tentative  method  D  243-26 
T,  the  open-cup  vapor-bath  method  as  used  in  the 
laboratory  of  the  California  Highwa}^  Commission,  or 
the  Brown  evaporator. 
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TREATMENT  OF  EARTH  ROADS  WITH  OIL 


The  earliest  oil  treatment  in  California  consisted  of 
the  application  of  crude  asphaltic  oil,  approximately  a 
gallon  per  square  yard,  to  the  surface  of  a  dirt  road. 
The  oil  was  allowed  to  penetrate  at  will  or  dirt  was 
thrown  on  top.  This  was  virtually  a  surface  treat- 
ment and  generally  proved  inadequate  except  for  very 
light  traffic  or  where  the  suhgrade  was  unusually  firni. 
The  next  development  was  the  reworkmg  of  the  thin 
maf,  adding  more  oil  and  stirring  to  a  greater  depth. 
This  was  the  crude  beginning  of  the  mixing  treatment. 
The  process  was  repeated  in  later  years  imtil  some  of 
the  roads  first  treated  had  a  surface  6  inches  or  more 
in  thickness. 

Parallelmg  the  stage  development,  some  of  the  coun- 
ties have  in  the  first  operation  deliberatelj^  built  an 
oiled  earth  surface  from  4  to  8  inches  in  thickness. 

The  success  or  failure  of  these  oiled  earth  roads 
depends  largely  upon  the  character  of  the  material. 
Sandy,  gravelly,  or  even  silty  soils  have  produced 
serviceable  roads  in  most  instances  where  properly 
treated  and  maintained.  Heavy  clays  or  alkali  soils 
have  been  similarly  treated  but  the  results  have  been 
almost  universally  unsatisfactory.  These  clays  are 
inherently  unstable,  have  high  moisture-carrying  capac- 
ity, and  are  constantly  changing  in  volume.  Uni- 
formity of  soil,  from  point  to  point  on  the  project  is 
highly  desirable,  but  experienced  workmen  will  over- 
come considerable  irregularity  of  soil  by  varying  the 
quantity  of  oil  and  the  details  of  treatment. 

Under  California  conditions  the  cost  of  treating  an 
earth  road  18  feet  wide  to  a  depth  of  6  inches  will 
approximate  $3,000  or  13,500  per  mile.  The  cost  of  a 
treatment  1  to  2  inches  in  depth,  where  conditions 
make  such  a  light  treatment  satisfatory,  is  $200  to 
$500  per  mile.  Where  the  full  depth  of  6  inches  or 
more  is  attained  by  progressive  steps,  the  $3,000  cost 
will  perhaps  be  reached  in  8  or  10  years  or  more,  this 
including  the  cost  of  maintenance  during  that  period. 

Heretofore  the  amount  of  oil  for  a  given  depth  of 
treatment  has  been  judged  by  the  appearance  of  the 
product.  The  amount  reciuii'ed  depends,  of  course, 
upon  the  grading  of  material  and  probably  follows  the 
rules  applicable  to  satisfactory  sheet  asphalt  or 
asphaltic  concrete,  excepting  that  the  lighter  oil  used 
in  soil  treatment  covers  the  particles  with  a  thinner 
film  than  the  ordinary  paving  grades  of  asphalt.  The 
amount  of  oil  required  is  about  one-fourth  less  than 
the  amount  of  asphalt  needed  for  the  same  grading. 
Samples  show  an  oil  content  ranging  from  4.5  to  10 
per  cent  based  upon  the  material  passing  a  10-mesh 
sieve.  Reference  is  made  to  the  discussion  of  the 
tests  of  surface-mixed  material  for  more  detailed 
information  and  suggestion  as  to  the  proportion  of  oil, 
and  particularly  to  Figure  31. 

This  type  of  treatment  is  adapted  to  roads  carrying 
less  than  500  vehicles  per  day  where  soil  conditions 
are  suitable  and  particularly  in  arid  or  semiarid 
climates.  The  economy  of  omitting  expensive  road 
metal  is  obvious,  and  that  possibihty  should  always  be 
considered.  The  oiled  sand  road  in  the  Amargosa 
Desert  in  Nevada  is  typical.  Here  graveling  was 
attempted  and  abandoned  because  of  construction 
difficulties.  The  natural  sand  road  was  then  oil 
treated  and  the  surface  obtained  is  as  satisfactory  as 
if  the  road  had  first  been  metaled. 


Maintenance  is  a  simple  operation  with  blade  and 
drag.  Riding  qualities  are  unexcelled  and  there  is,  of 
course,  no  dust.  When  reworking  is  required,  a 
tractor,  scarifier,  and  heavy  blade  grade;'  must  be 
available. 

The  examples  and  methods  described  hereafter  are 
regarded  as  typical  of  oiled  earth  construction  under 
somewhat  varying  conditions. 

OILED   SAND    ROADS   IN    STANISLAUS    COUNTY 

Oiled  earth  roads  have  been  successfull,v  constructed 
in  Stanislaus  County,  Calif.,  for  about  18  years.  The 
soil  in  this  area  is  fine  sand  and  sandy  silt.  Without 
treatment  the  roads  ai-e  extremely  dusty  and  loose 
during  the  summer  season. 

The  Turlock-Snelling  road,  extending  east  from 
Turlock  for  a  distance  of  about  3  miles,  is  a  typical 
example  of  this  construction.  The  surfacing  has  a 
width  of  about  20  feet  and  a  dei)th  of  6  to  7  niches. 
The  material  is  plastic  under  a  hammer  and  more  or 
less  rubbery.  The  contour  is  smooth,  and  some  gravel 
is  visible  which  has  probably  been  placed  during 
maintenance.  In  a  number  of  places  fine  surface 
cracks  were  noted  during  an  inspection  in  July,  1926, 
but  examination  showed  these  to  be  only  one-eighth  to 
one-quarter  inch  in  depth  through  a  thin  hard  crust 
which  covered  the  softer  plastic  material  beneath. 
The  asphaltic  oil  in  a  sample  cut  from  the  road  was 
alive  and  tacky.  An  analysis  of  this  sample  gave  the 
following  results: 

Per  cent. 

Passing  J^-inch  screen 98.  7 

Passing  10-mesh  sieve 98.  5 

The  material  passing  the  10-mesh  sieve  was  con- 
siderably finer  than  an  ordinary  sheet  asphaltic  mix- 
ture and  the  amount  of  silt  slightly  more  than  the  dust 
filler  in  such  a  sheet  asphaltic  mix.  It  had  the  follow- 
ing grading: 

Per  cent 

Passing  10-mesh  sieve 100.  0 

Passing  20-mesh  sieve 99.  9 

Passing  30-mesh  sieve 97.  4 

Passing  40-mesh  sieve 93.  1 

Passing  50-mesh  sieve 84.  1 

Passing  100-mesh  sieve 47.  1 

Passing  200-mesh  sieve 23.  8 

Bituminous  material 7.  9 

The  following  statement  regarding  the  construction 
of  this  highway  is  abstracted  from  a  report  by  A.  J. 
Leedom,  county  superintendent,  who  has  been  in 
charge  of  construction.  The  natural  soil  was  graded 
to  a  flat  section  about  26  feet  in  width  with  very  little 
crown,  was  loosened  on  top,  and  from  5  to  6  gallons 
of  oil  per  square  yard  were  spread  in  two  equal  applica- 
tions. The  first  application  covered  a  width  of  about 
20  feet,  and  immediately  the  entire  surface  was  plowed, 
starting  at  the  edges  and  throwing  furrows  out,  finally 
leaving  a  dead  furrow  in  the  center.  This  gave  a 
roadwav  width  of  about  22  feet.  The  plowing  was 
generally  to  a  depth  of  about  6  inches.  The  road  was 
then  harrowed,  winding  back  and  forth  in  order  to 
break  up  the  furrows  and  thoroughly  mix  the  oil  and 
earth.  The  second  application  of  oil  was  spread, 
with  more  at  the  edges  than  in  the  center  to  prevent 
excessive  concentration  of  oil  at  the  center  after  the 
next  operation.     The  entire  surface  was  then  replowed. 
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throwing  furrows  to  the  center  and  bringing  the  road 
to  a  uniform  section,  harrowed  as  before,  and  finished 
with  a  steel  drag,  7  or  8  feet  long  and  weighing  about 
600  pounds. 

Th(>  bituminous  material  was  California  asphaltic 
oil  residuum  containing  about  65  per  cent  of  80-pene- 
tration  asphalt,  and  was  applied  from  a  gravity  spreader 
at  a  temperatui-e  somewhat  less  than  200°  F. 

The  Turlock-Snelling  road  is  about  3  miles  in  length 
and  has  been  in  service  for  17  years.  The  traffic  was 
undoubtedly  light  during  the  early  years,  but  has  now 
grown  to  approximately  500  vehicles  per  day,  and  the 
maintenance  cost  is  reported  to  be  less  than  $100  per 
mile  per  year.  The  original  cost  of  the  work  by 
county  labor  was  about  $3,500  per  mile. 


Fig.  33. — Typic.\l  Section  of  the  Turlock-Snelling 
Ro.\D.  The  Sandy  Soil  Is  Probably  Responsible  for 
THE  Success  of  the  Road  in  Spite  of  Lack  of  Drainage 

Roughometer  readings  on  the  surface  thus  produced 
show  a  smoothness  about  ecjual  to  average  asphaltic 
macadam.  It  is  entirely  dustless  and  to  the  casual 
observer  might  easily  pass  for  a  higher  type  of  bitumi- 
nous construction.  The  low  construction  cost  and 
extremely  low  maintenance  combine  to  give  an  annual 
service  charge  among  the  lowest  for  improved  road- 
way investigated  in  this  study.  Several  other  sec- 
tions of  roadway  in  this  locality  constructed  b}^  the 
same  methods  and  varying  in  age  from  1  to  12  years, 
where  sufficiently  wide  to  keep  traffic  from  breaking 
the  edges,  were  found  to  be  uniformly  satisfactory. 
Some  of  the  older  roads,  oiled  to  a  width  of  12  feet, 
had  ragged  edges  and  somewhat  irregular  surfaces.  A 
photograph  of  such  a  road  is  shown  in  Figure  33. 

OILED  EARTH    ROADS   IN    RIVERSIDE    COUNTY 

Riverside  County,  Calif.,  constructed  several  experi- 
mental sections  of  oiled  earth  roads  during  the  years 
1924,  1925,  and  1926,  similar  to  the  earlier  work  in 
Stanislaus  County.  Twelve  and  one-half  miles  was 
in  the  irrigated  section  of  the  Coachella  Valley,  where 
the  soil  is  fine  sandy  silt,  the  climate  extremely  dry, 
and  the  roads  almost  impassable  during  the  crop- 
hauling  season. 

The  earlier  projects  were  treated  with  4  gallons  of  oil 
having  a  60  per  cent  asphaltic  content  (80  penetration). 
The  viscosity  is  not  known,  but  the  oil  was  fluid  at  tem- 
peratures of  100°  to  150°  F.  The  oil  was  spread  in 
applications  of  1  gallon  per  scjuare  yard,  in  widths  of  6 
and  8  feet,  the  finished  width  of  roadway  being  14  feet. 
Distribution  was  accomplished  by  a  truck  equipped 
with  pressure  sprays,  towed  through  the  loose  soil  by  a 


5-ton  track-type  tractor.  Two  sets  of  four-gang  disks 
followed  the  spreader  and  mixed  the  oil  with  the  earth. 
This  operation  was  repeated  through  four  applications 
of  1  gallon  each  and  the  oil  was  mixed  with  the  earth  to  a 
depth  of  about  5  inches.  In  the  later  projects  the  oil 
was  increased  to  5  gallons  and  cultivated  to  a  depth  of  6 
inches.  After  cultivation,  the  surface  was  smoothed 
with  a  grader  and  rolled  with  a  10-ton  power  roller.  In 
some  instances  the  roads  were  opened  to  traffic  before 
rolling.  William  S.  Conner,  the  engineer  in  charge  of 
this  work,  expresses  the  opinion  that  extensive  rolling 
is  unnecessary  and  that  consolidation  can  best  be 
obtained  by  permitting  traffic  to  use  the  road,  provided 
it  is  kept  smooth  1)V  drags. 

The  surface  resulting  from  this  treatment  was  prac- 
tically identical  with  that  in  Stanislaus  County  where 
soil  conditions  were  similar.  On  the  Ripley-Blythe 
Road,  where  the  soil  contained  a  considerable  percentage 
of  claA^,  4  gallons  of  oil  did  not  produce  uniformly  satis- 
factory results,  and  the  surface  remained  more  or  less 
imstable. 

The  Riverside  County  work  is  too  recent  to  be  inter- 
esting from  a  service  standpoint,  but  is  valuable  because 
of  the  excellent  cost  data  furnished  by  Mr.  Conner. 
Table  12  shows  the  average  cost  to  be  practically  $3,000 
per  mile  exclusive  of  clearing  and  grading. 

During  an  inspection  in  February,  1927,  it  was  found 
that  several  sections  had  been  resurfaced  with  about  1 
inch  of  crushed  stone,  treated  with  90  to  95  per  cent 
road  oil,  and  covered  with  chips.  Sections  not  metaled 
are  carrying  traffic  satisfactorily  although  they  do  not 
have  the  appearance  of  being  maintained. 

OILED  SAND  ROADS  IN  SAN  BERNARDINO  COUNTY 

J.  S.  Bright,  construction  engineer.  Bureau  of  Public 
Roads,  gives  data  regarding  the  oiling  of  desert  roads 
under  his  direction  as  county  highway  engineer  of  San 
Bernardino  County  in  1916.  The  natural  road  mate- 
rial in  this  case  was  sand.  Intermittent  sections  of  the 
Barstow-Needles  road,  aggregating  about  40  miles, 
were  treated  to  a  width  of  8  feet  with  2  3/2  gallons  per 
square  yard  of  oil  having  an  asphalt  content  of  60  per 
cent.  The  road  received  very  little  attention  until 
taken  over  by  the  State  highway  commission  in  1924. 
Traffic,  which  at  first  amounted  to  100  or  more  vehicles 
daily,  has  since  increased  to  about  400  and  the  surface 
has  been  practically  destroyed  in  many  places. 

One  section,  extending  from  Amboy  easterly  for 
about  15  miles,  received  4  to  4^  gallons  of  oil  per 
square  yard  on  a  width  of  10  feet.  The  resulting  sur- 
face was  5  to  6  inches  in  depth  and  is  still  in  fair  con- 
dition, although  it  received  practically  no  maintenance 
for  the  first  eight  years.  The  natural  material  is  a 
gravelly  sand  considerably  coarser  than  that  treated  in 
Riverside  and  Stanislaus  Counties.  Samples  were 
removed  for  test  in  February,  1927,  and  the  oil  was 
found  to  be  alive  and  sticky.  It  was  found  that  30.9 
per  cent  of  the  total  was  retained  on  the  10-mesh  sieve 
and  consisted  of  coarse  sand,  mostly  less  than  one- 
fourth  inch  in  diameter.  The  portion  passing  the  10- 
mesh  sieve  was  graded  as  follows:  percent 

Passing  10-niesh  sieve 100.  0 

Passing  20-mesh  sieve 71.  6 

Passing  30-mesh  sieve 42.  5 

Passing  40-mesh  sieve 37.  0 

Passing  50-mesh  sieve 31.  6 

Passing  100-mesh  sieve 22.4 

Passing  200-mesh  sieve _• 11.  0 

Bituminous  material 8.  1 


September,  1927 


PUBLIC    ROADS 


157 


Table  12. — Costs  per  mile  of  14-foot  oiled  earth  road  in  Riverside  County,  Calif. 


Item 


Length. _ _ _.. miles.. 

Oil gallons  per  square  yard.. 

A  verage  haulofoil miles.. 

Labor: 

Clearing  and  grading. 

Watering  subgrade... _ 

Hauling  and  spreading  oil 

Cultivating-- 

Rolling... 

Dragging 

Maintaining  detour  and  miscellaneous.. 

Super  vis  ion 


Total  (excluding  grading  and  clearing). 

Materials: 

Oil... 

Freight 

Miscellaneous. 


1924-1925  treatments 


Ripley- 
Blythe 
Road 


8.13 
3.83 
2.4 


$234. 10 
141.88 
359.  17 
122.  69 
47.00 
36.82 
21.05 
55.72 


784.  33 


Total 

Grand  total  cost. 


1, 190. 18 
996. 24 

15.78 


2,  202.  20 


3,  220.  63 


Avenue  62 


2.00 
3.95 
7.0 


$285.  05 

226.  08 

501.  30 

132.  06 

64.25 


32.29 
94.45 


A  verage 


3.85 
3.3 


J2i4. 16 
158.  51 
387.  22 
124.  54 
50.41 
29.55 
23.27 
63.31 


1925-1926  treatments 


Morgan- 
Ickes 
Road 


Avenue  .W 

[and  Monroe 

.Street 


1.51 
6.19 
8.0 


$971.44 
72.85 
602. 81 
82.99 
88.49 
2.65 
244.  51 
242.  82 


2.00 
4.92 
7.0 


$351.  85 
131.12 
573.  38 
82.13 
61.65 
44.  15 
56.11 
79.86 


1, 050. 43 


836.87  j      1,337.12 


1, 255. 31 

523. 43 

13.44 


1, 792. 18 


3,127.66 


1, 203. 04 

902.89 

15.32 


1,  526.  99 
714.  02 
49.67 


2, 121. 25         2, 290. 68 


3,  202.  28  I       4, 299.  24 


1,  028.  40 


1,443.93 

675. 18 

27.23 


2, 146.  34 


3,  526.  59 


Avenue  57 
and  Pierce 

Street 


1.00 
4.92 
2.25 


$415.  59 


.368.  60 
92.50 
80.88 
7.86 
35.47 
69.55 


654.  76 


1, 443. 93 

675. 18 

65.00 


2, 184. 11 


3,  254. 46 


Jackson 

Street 


2.00 
4.92 

4.5 


Avenue  i 


4.00 
4.92 
10.0 


$353.  53 
100.27 

434.  55 

142.41 

43.40 

2.  .58 

19.38 

48.19 


790.  78 


1,  443.  93 

675. 18 
27.50 


2, 146.  61 


3,  290.  92 


$421.  43 
100.22 
421.  50 
73.15 
25.46 
14.28 
72.02 
4.5.  50 


Average 


4.96 
7.36 


$430.  64 
92.64 
473.  85 
91.29 
50.  89 
25.  35 
70.38 
83.19 


752.  03 


886.  80 


1,  443.  95 
706.  44 


2, 150.  39 


3, 323. 85 


1,  455.  87 

692.  66 

23.74 


2, 172.  26 


3, 489.  70 


The  condition  of  the  Aniboy  section  after  11  years 
of  rather  heavy  service  ahnost  without  attention  indi- 
cates that  similar  construction  of  adequate  width, 
properly  maintained,  would  carry  traffic  very  satisfac- 
torily over  the  desert  sections.  The  cost  of  such  treat- 
ment would  probably  be  about  the  same  as  reported 
in  Riverside  County. 

OILED-SAND    SURFACE   ON    NEVADA   STATE    HIGHWAY 

A  10-mile  section  of  the  Las  Vegas-Beatty  road  in 
the  Amargosa  Desert  in  Nevada  is  a  recent  example  of 
oiled-sand  construction.  This  section  of  highway, 
designated  as  Nevada  Federal  Aid  Project  46,  belongs 
to  the  same  general  type  as  the  Amboy  section  in  San 
Bernardino  County,  Calif.  The  difficulties  encoun- 
tered were  extreme  and  unusual.  The  shifting  sand 
was  almost  impassable  for  motor  traffic  prior  to  the 
improvement,  and  during  construction  the  trucks  could 
not  travel  through  the  sand  without  the  assistance  of 
tractors. 

T-ate  in  1022  bid'^  were  requested  for  the  construction 
of  gravel  surfacing.  Only  one  was  received  and  that, 
being  S4  per  cent  higher  than  the  engineers'  estimate, 
was  rejected.  In  January,  1923,  the  State  highway 
department  undertook  the  work  by  day  labor  and 
opened  a  gravel  pit  near  the  middle  of  the  10-mile  proj- 
ect. Because  of  the  isolation  of  the  job,  the  extremely 
hot  weather,  and  transportation  difficulties  the  work 
was  discontinued  after  five  months  with  but  2  miles 
partially  constructed.  The  cost  of  gravel  being  pro- 
hibitive, early  in  1924  the  department  undertook  to 
mix  asphaltic  oil  with  the  natural  soil  to  a  depth  of 
approximately  6  inches.  The  oil  used  for  mixing  pur- 
poses had  an  asphalt  content  of  61  to  64.5  per  cent  of 
80-penet ration.  The  roadway  was  to  be  trenched  to  a 
depth  of  approximately  6  inches,  and  the  material 
removed  from  the  trench  was  piled  along  tb.e  shoulders 
to  be  used  for  covering  the  oil.  Shortly  after  beginning 
work  the  depth  of  trenching  was  modified  to  approxi- 
matel}'  3  inches,  as  the  casting  of  sand  upon  the  oil 
was  found  unnecessary  and  uneconomical  except  in 
small  quantities. 

After  the  first  application  of  oil  upon  the  prepared 
subgrade  the  roadway  was  cultivated  with  a  double- 
action  disk  harrow.  A  second  application  of  oil  fol- 
lowed and  was  partially  covered  with  sand  from  the 


shoulders  to  ijrevent  the  oil  from  collectino;  in  large 
pools.  Disking  was  resumed,  followed  by  a  large  road 
grader  which  moved  the  oiled  material  into  a  windrow 
first  on  one  side  of  the  road  and  then  on  the  other,  and 
finally  leveled  it  for  the  third  application.  The  grader 
was  the  most  eftective  implement  used  for  mixing. 
This  procedure  was  repeated  until  the  required  amount 
of  oil  had  been  applied  and  mixed.  On  most  of  the 
project  four  applications  were  spread.  Table  13  shows 
data  regarding  amounts  of  oil  used  and  number  of 
treatments. 

When  the  surface  became  uniform  in  appearance,  it 
was  shaped  with  the  grader  to  a  crown  approximating 
2  inches  and  compacted  with  a  sheeps-foot  roller. 
For  the  final  smoothing,  a  drag  10  feet  wide  by  20 
feet  long  was  used  in  conjunction  with  an  ordinarj^ 
roller  3  feet  in  diameter  having  a  weight  of  approxi- 
mately 175  pounds  ])er  inch  of  width. 

After  the  inixuig  was  completed  and  the  surface 
compacted,  part  of  the  project  was  covered  with  road 
oil  containing  85  per  cent  of  asphalt  (SO  penetration\ 
This  treatment,  as  shown  in  Table  13,  was  varied 
according  to  the  condition  of  the  surface,  one  section 
receiving  the  maximum  of  1.30  gallons  j)er  square  yard. 

The  plans  called  for  a  roadway  10  feet  in  width  with 
18  turnouts.  Actually  the  width  averages  12  feet 
because  of  a  general  squeezing  outward  during  con- 
struction and  under  traffic  before  the  mixture  hardened. 

The  cost,  =hown  in  Table  14,  avei'aged  practically 
.$5,000  per  mile,  or  $0.82  per  square  yard.  This  is 
above  normal  because  of  the  i-emoteness  of  the  work. 
Oil  was  shipped  fi-om  Los  Angeles  in  tank  cars,  and 
was  hauled  an  average  of  19  miles  from  the  railroad  in 
distributor  trucks  having  a  capacity  of  600  to  800  gal- 
lons. The  work  was  carried  on  during  extremely  hot 
weather,  so  hot,  in  fact,  that  the  light  oil  required  no 
artificial  heating. 

The  2-niile  section  which  had  previously  been  graveled 
received  the  same  treatment  as  the  desert  sand,  except 
that  the  amount  of  oil  was  cut  approximately  in  half  and 
the  thickness  of  the  oil  mixture  proportionately  reduced. 

Two  year?  after  completion  the  surface  was  examined 
for  width  and  thickness,  and  six  samples  v/ere  analyzed. 
The  results  are  showm  in  Table  15.  The  oil  content 
ranged  from  6.40  to  8.47  per  cent,  averaging  7.40  per 
cent.     The  sand  grading  resembles  that  of  sheet  asphalt. 
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Table   13. —  DiMribation  of  oil  on  Nevada  Federal-aid  project  No. 
46 — an  oiled-sand  road 


c 

i 

s 

5 
o 

< 

Quantity 

of  oil 
applied 

Number 
of  appli- 
cations 

Total 
quantity 
applied 

•0 

station  to  st:ition 

"a 
"c 

CS 

>, 

i 

3 
C 

CO 

;-, 
c 

1 

C3 

P. 

C 

0 

0. 
CO 

£ 
c. 

a 
t 

CD 
1 

t 

oc 

•c 
0 
c 
cr 

c 

•0 
c 

7fi5+00-  794+50 - 

794+.W-  812+00 

860+00-  S78+00 

878+00-  916+00 

916+00-  930+00- 

930+00-  935+35 

935+.35-  941+45..- 

941+45-  973+00 

973+00-1022+10 

1022+10-1040+00 

1040+00-1050+00 

10.50+00-1081+90 

1081+90-1085+88 

1085+88-1087+80 

1087+80-1122+00 

1122+00-1123+00 

1123+00-1127+00 

1127+00-1210+00 

1210+00-1227+00 

1227+00-123.5+35 

1235+.35-r240+00 

1240+00-1284+20 -. 

1284+20-1297+46 

1297+46-1312+00..- 

1312+00-1343+24- 

Feet 

2.950 

1.  7.50 

1.800 

3,800 

1,400 

.535 

610 

3,155 

4.910 

1,790 

1,000 

3,190 

398 

192 

3,420 

100 

400 

8,300 

1,700 

835 

465 

4,420 

1,326 

1,4.54 

3,124 

Sq. 

yds. 

3,278 

1,944 

2,000 

4,222 

1,  5.56 

594 

678 

3,  506 

5,  455 

1,989 

1,111 

3,  .544 

442 

213 

3,800 

111 

444 

9,222 

1,889 

928 

516 

4,911 

1,473 

1,616 

3,417 

Gnls. 

15, 805 

1 1, 098 
9, 603 

18,291 
7,223 
.3,411 
3,000 

11.800 

22,412 
9,  830 
4,396 

15,  ,540 

1,  ,536 

479 

15,  589 

85 

1,741 

13,  701 

2,807 

1,863 

865 

29,  593 

6,589 

9,454 

16,  914 

GaU. 
4.82 
5.71 
4.80 
4.33 
4.64 
5.74 
4.42 
3.37 
4.11 
4.94 
3.96 
4.38 
3.47 
2.25 
4.10 
.  77 
3.92 
1.48 
1.49 
2.01 
1.68 
6.02 
4.47 
5.85 
4.96 

4 
4 
4 
4 
4 
6 
4 
3 
3 
4 
3 
3 
2 
1 
3 

"3 

1 
1 
2 
1 
5 
4 
5 
5 

1 

2 

1 

Gals. 

per 

■?g.  yd. 

4.15 
4.41 
4.12 
4.33 
4.11 
5.74 
4.42 
3.37 
3.50 
4.25 
3.27 
3.65 
2.59 
1.47 
3.31 

"3."  15 

.64 

.48 

1.18 

.87 

5.41 

4.01 

5.39 

4.96 

Gals. 

per 

■sq.  yd. 

0.67 

1.30 

.68 

""'."53 

.69 
.69 
.73 

.88 
.78 
.79 
.  77 
.77 
.84 
1.01 
.83 
.81 
.61 
.46 
.46 

Sand. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 
Gravel. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 
Sand. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Total 

53.  024 

.58.913 

233,  625 

t 

3.97 

1 

3.39 

.,58 

1 

' 

■ 

'  Surface  assumed  to  be  10  feet  wide, 
spreading  of  soft  material  under  traffic. 


-■Vctual  width  greater,  due  to  turnouts  and 


The  roadway  produced  meets  traffic  requirements. 
It  is  smooth,  and  with  moderate  maintenance,  will 
probably  be  durable.  It  is  not  as  dustless  as  antici- 
pated, because  a  film  of  sand  has  been  kept  on  the 
surface  to  absorb  surplus  oil.  Evidently  the  heavy  oil 
last  applied  has  furnished  unnecessary  richness  at  the 
surface.  Evidence  is  lacking  that  it  added  to  the 
quality  of  the  work. 

EMERGENCY    OILED  SAND    ROAD   IN   IMPERIAL    COUNTY 

In  December,  1926,  a  heavy  flood  destroyed  nearly 
2  miles  of  concrete  pavement  on  the  San  Diego-El 
Centro  road  about  30  miles  west  of  El  Centro,  Calif. 
The  damaged  road  was  paralleled  by  a  broad  expanse 
of  sand  in  the  Myers  Canyon  Wash,  a  strip  of  which 
was  promptly  oiled  to  serve  as  a  detour  pending 
reconstruction.  Nominally  5  gallons  per  square  yard 
of  60  to  70  per  cent  "fuel  oil"  was  spread,  but  tests 
indicate  that  the  actual  rate  of  application  was  some- 
what less  than  4  gallons  per  square  yard;  the  excess 
having  been  used  to  attain  extra  width.  The  oil  was 
mixed  with  the  sand  by  cultivation  and  grading  to 
a  depth  of  about  73^  inches.     By  the  end  of  January, 


Table  14.- 


-Summary  of  cost  of  Nevada  Federal-aid  project  No. 
46 — an  oiled  sand  road. 


Item 


Cost  per  mile 


Labor 


Preparing  subgrade... 
Trenching  for  surface- 
.'i.pplying  oil 

Oil. 


Applying  sand  and  cultivating. 

Dragging  and  final  shaping 

Signs 


Total - 


Cost  per  square  yard  (6,100  square  yards  per 
mile) 


,$25. 19 
93.85 
829.  92 


257. 16 
90.21 


1,296.33 


Equip- 
ment 
and 
supplies 


.$65. 00 

162. 00 

1, 406. 00 

1, 788. 39 

180.  70 

86.70 

10.46 


3,  699.  25 


Total 


$90. 19 

255.  85 

2,  235. 92 

1,788.39 

437.  86 

176.  91 

10.46 


4, 995. 68 


.82 


Table   15. — Analysi.'i  of  samples  from  Nevada  Federal-aid  project 
No.  46 — an  oiled-sand  road 

[Samples  taken  in  June,  1926,  two  years  after  construction] 


Dimen- 
sions of 
section 

as 
<y 

Fraction  of  aggregate  passing  various 
sieves  (per  cent) 

Oil 
con- 

Station 

Si 

J3 
Q, 
Q 

1 

1 

1 

a 

a 

J3 
S 

a 

o 

a 

J3 

a 

J3 
§ 

8 

J3 

a 

tent 
(per 
cent) 

770                       

Ft. 
12.0 
13.0 
11.5 
11.0 
12.5 
12.0 

Ins. 
5.75 
5.05 
7.05 
3.  65 
4.60 
6.45 

4.82 
5.71 
4.33 
3.39 
3.40 
6.02 

95.8 
98.3 
90.9 

95.3 

97.9 

89  7 

94.8 
97.5 

88.8 
88.  8 
S9.  9 
S5.  1 

90. 9  82. 5 
94.  4  84.  3 

85.17.5.8 

69.7 
67.9 
63.9 
62.2 
66.7 
63.8 

45.7 
43.7 
43.6 
44.6 
49.6 
42.2 

27.3 
2.5.4 
26.9 
29.8 
34.9 
25.0 

8.9 

7.8 
8.5 
11.2 
15.5 
6.7 

8  47 

800 

900 

7.27 
6.40 

950 

1045 

1250 

92.  5i90.  7 

m   (1  ',11     :: 

84.5  75.2 
84.  8:76.  3 
83.4  75.4 

8.20 
7.32 
6.73 

Mean 

12.0 

5.42 

4.6191.3 

78.2 

—  - 

44.9 

28.2 

9.8 

17  40 

'  Equals  8.1  per  cent  of  aggregate  passing  10-mesh  sieve. 

1927,  the  surface  had  attained  a  fair  degree  of  con- 
solidation. On  February  22  the  center  was  support- 
ing heavily  loaded  trucks  and  ordinary  automobiles 
were  running  over  the  detour  at  40  miles  an  hour. 
The  edges,  subjected  to  comparatively  little  traffic, 
were  still  soft. 

A  sample  was  taken  on  February  13  for  test.  All 
material  passed  the  three-quarter-inch  screen,  97.9  per 
cent  passed  the  No.  3  screen,  and  79.7  per  cent  passed 
the  No.  10  sieve.  The  10-mesh  material  had  the 
following  grading: 

Per  cent 

Pa.ssing  10-mesh  sieve 100.  0 

Passing  20-mesh  sieve 61.  0 

Passing  30-mesh  sieve 36.  5 

Passing  40-mesh  sieve 26.  6 

Passing  50-mesh  sieve 18.  2 

Passing  lOO-mesii  sieve 8.  6 

Passing  200-niesh  sieve 4.  9 

The  oil  content  was  3.6  per  cent  of  the  total,  or  4.5 
per  cent  of  the  10-mesh  material. 

The  sand  in  this  temporary  road  is  coarser  than  any 
other  treated  soil  described.  The  amount  of  silt  and 
clay  is  negligible.  The  oil  content  is  low,  but  the 
appearance  of  the  road  shows  that  ample  was  used. 
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TESTS  OF  THE  DELAWARE  RIVER  BRIDGE  FLOOR  SLABS 

By  the  Division  of  Tests,  United  States  Bureau  of  Public  Roads.    Reported  by  GEORGE  W.  DAVIS,  Assistant  Engineer  of  Tests 


CONCRETE  floor  slabs,  similar  in  all  respects  to 
those  used  in  the  construction  of  the  Delaware 
River  Bridge  at  Philadelphia  and  which  are  of 
special  and  unusual  design  have  been  subjected  to 
a  complete  set  of  tests  by  the  Bureau  of  Public 
Roads  in  cooperation  with  the  Delaware  River  Bridge 
Joint  Commission.  The  slabs  were  designed  to  reduce 
to  a  minimum  the  weight  of  the  floor  system  of  the 
Delaware  River  Bridge  which  at  the  time  of  its  open- 
ing was  the  longest  suspension  span  in  the  world.  It 
has  a  main  span  of  1,750  feet  and  two  side  spans  of 
about  720  feet  each  or  a  total  length,  including 
approaches,  of  L8  miles.  The  main  and  side  spans 
are  supported  by  two  main  cables,  each  30  inches  in 
diameter,  from  which  are  suspended  the  stiffening 
trusses  which,  in  turn,  support  the  floor  system. 

In  a  bridge  of  such  magnitude  it  is  obvious  that  the 
reduction  of  its  dead  weight  to  a  minimum  is  a  major 
feature  of  design.  The  structure  is  primarily  a  high- 
way bridge  and  the  dead  weight  is  largely  that  of  the 
highway  deck.  The  design  prepared  for  this  portion 
of  the  structure,  a  reinforced  concrete  slab  with  a 
bituminous  wearing  surface,  differed  from  previous 
practice  to  such  an  extent  that  tests  were  undertaken 
to  determine  the  strength  and  behavior.  These  tests 
have  confirmed  theoretical  conclusions  as  to  the  ade- 
quacy of  the  design  and  yielded  data  of  value  in  design- 
ing similar  floor  systems.  The  tests  were  made  at  the 
Arlington  Experimental  Station  of  the  bureau. 

BRIDGE  FLOOR  OF  UNUSUAL  DESIGN 

The  main  cables  of  the  bridge  are  89  feet  apart. 
From  them  is  suspended  a  floor  system  125  feet  6  inches 
in  width.  In  the  center  of  this  is  a  57-foot  roadway. 
On  each  side  of  the  roadway  is  space  for  two  electric 
car  lines,  one  inside  and  one  outside  of  each  of  the 
stiffening  trusses,  which  hang  directly  under  the  main 
cables.  Overhead  footwalks,  10  feet  in  width,  are 
carried  on  cantilever  brackets  on  the  outside  of  the 
trusses. 

The  floor  system  consists  of  steel  floor  beams  riveted 
to  each  panel  point  of  the  stiffening  trusses,  these 
floor  beams  being  20  feet  6  inches  center  to  center  in  the 
main  span  and  20  feet  8  inches  center  to  center  in  the 
side  spans.  Longitudinal  18-inch  I-beam  stringers 
between  the  floor  beams  and  spaced  3  feet  10  inches  on 
centers  support  the  concrete  floor  slab.  Expansion 
joints  are  provided  at  every  second  floor  beam. 

The  floor  slab  rests  directly  on  the  stringers.  It  is 
designed  for  a  concentrated  wheel  load  of  15,000  pounds 
with  an  allowance  of  50  per  cent  for  impact.  On  the 
suspended  spans  it  is  6  inches  in  thickness  and  is  covered 
with  a  2  i^-inch  asphalt  wearing  surface.  The  transverse 
or  main  slab  reinforcement  consists  of  Rivet-grip  fabri- 
cated trusses  spaced  6  inches  on  centers.  The  chords 
of  these  trusses  are  small  rolled  channels  spaced  4>^ 
inches  back  to  back  and  the  web  bars  are  flats  rolled 
with  projecting  lugs  on  the  sides.  In  the  process  of 
manufacture  the  web  bars  were  first  bent  to  the  re- 
quired shape  and  then  assembled  with  the  chord  chan- 
nels and  passed  through  a  press  which  caused  the 
flanges  of  the  channels  to  grip  the  lugs  of  the  web  bars. 
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The  longitudinal  slab  reinforcement  consists  of  3^-inch 
round  deformed  bars  spaced  6  inches  on  centers  in  the 
bottom  of  the  slab  and  12  inches  on  centers  in  the  top. 
The  reinforcement  has  a  %-inch  cover  top  and  bottom. 
The  concrete  used  was  a  1 : 1 J^  :  3  mix.^ 

The  tests  at  Arlington  were  made  upon  two  floor 
sections  of  similar  design  and  approximately  the  same 
span  length  but  of  about  one-third  the  width.  The 
test  slabs  were  supported  by  floor  stringers  resting  upon 
concrete  abutments  instead  of  steel  floor  beams  as  in 
the  bridge.  Details  of  the  test  slabs  are  shown  in 
Figure  1.  All  materials  used  in  these  slabs  were  iden- 
tical with  those  used  on  the  bridge  and  from  the  same 
sources. 

The  tests  as  run  may  be  divided  into  two  groups. 
The  tests  on  the  first  slab  were  primarily  proofing  tests 
under  both  static  loads  and  under  impact  to  prove  by 
actual  physical  tests  that  the  slabs  were  adequate  to 
withstand  any  probable  loads  to  which  they  might  be 
subjected. 

The  tests  on  the  second  slab  were  made  to  show  the 
effect  of  the  consistency  of  the  concrete  on  the  strength 
of  the  slab  and  to  provide  more  exhaustive  data  as  an 
aid  to  the  design  of  slabs  of  this  type.  In  this  report 
each  slab  will  be  treated  separately. 

SCOPE  OF  TESTS  ON  FIRST  SLAB 

Materials  used. — The  aggregates  used  were  Dela- 
ware River  sand  and  gravel  from  above  Bordentown, 
N.  J. 

The  steel  used  consisted  of  Rivet-grip  4j^-inch  rein- 
forcing trusses  and  H-inch  round  deformed  bars. 
(Fig.  2.)  Test  samples  taken  from  the  upper  and  lower 
chords  of  the  reinforcing  trusses  showed  a  modulus  of 
elasticity  of  30,000,000  pounds  per  square  inch. 

The  cement  used  showed  a  tensile  strength  of  315 
pounds  per  square  inch  at  the  end  of  7  days,  and  355 
pounds  per  square  inch  at  the  end  of  28  days.  Test 
cylinders  from  the  concrete  for  the  first  slab  showed  a 
modulus  of  elasticity  of  4,137,000  pounds  per  square 
inch  and  a  compressive  strength  of  5,465  pounds  per 
square  inch  at  the  end  of  28  days,  while  at  the  end  of 
235  days  a  compressive  strength  of  5,975  pounds  per 
square  inch  was  developed. 

Construction.— The  slab  was  cast  in  a  building  which 
has  a  reinforced  concrete  floor  12  inches  in  thickness. 
This  floor  is  supported  on  reinforced  concrete  beams  12 
inches  square  on  8-foot  centers  both  ways,  carried  on 
columns  at  beam  intersections.  With  the  slab  m  place 
no  measurable  deflection  of  the  floor  could  be  found 
by  measurement  with  an  Ames  dial  reading  to  0.0001 
inch,  under  a  centrally  applied  static  load  of  30,000 
pounds.  The  steel  I  beams  under  the  tesj^  slab  rested 
on  concrete  abutments  1  foot  thick  and  3  feet  high 
built  directly  on  the  floor. 

The  niLX  used  was  1:1^  :  3.  The  average  slump 
was  2.9  ipches  using  a  4  by  8  by  12  mch  cone,  and  the 
average  flow  was  115.  ^ 

I  A  morf.  oomolete  description  of  the  floor  system  is  contained  in  an  article  entitled 
4dnZced  Concrete  Bridge  Roadway  on  the  Delaware  River  Bridge,"  published 
in  Concrete,  vol.  30,  No.  2,  February,  1927. 
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The  concrete  was  mixed  in  a  power-driven  mixer  for 
not  less  than  two  minutes,  wheeled  to  the  forms  in 
wheelbarrows,  dumped  to  a  platform,  and  shoveled  in 
place  in  the  forms.  The  mixture  was  flowed  into  place, 
and  air  forced  out  by  vibrating  forms  and  reinforce- 
ment with  an  electric  hanuner  provided  with  a  flat- 
nosed  bit  and  delivering  3,600  blows  per  minute.  The 
slabs  were  covered  with  wet  burlap  immediately  after 
the  placing  was  completed.  The  forms  which  were  wet 
before  the  concrete  was  placed  were  removed  at  the 
end  of  24  hours.  The  burlap  and  the  bottom  of  the 
slab  were  kept  wet  for  seven  days.  The  slab  was  28 
days  old  before  any  loads  were  applied  to  it. 

During  the  tests  on  the  first  slab  the  following 
measurements  were  made: 

a.  Deflection  of  the  slab  and  the  I  beams  under  static  loads. 

b.  Deformations  in  the  slab  and  in  the  I  beams  under  static 
loads. 

c.  Deformations  in  the  reinforcing  trusses  under  static  loads. 

d.  Spread  of  the  two  center  I  beams  under  static  loads. 

e.  Deflection  of  the  slab  under  impact. 

/.   Deformations  in  the  slab  and  in  the  I  beams  under  impact. 

TEST  INSTRUMENTS  DESCRIBED 

Static  loads. — All  static  loads  were  applied  at  the 
center  of  the  slab  with  a  150-ton  hydraulic  jack,  which 
rested  on  a  cast-iron  block,  which  in  turn  rested  on  a 
rubber  cushion  consisting  of  three  segments  of  a  30  by 
4  inch  solid  rubber  tire. 

These  tire  segments  were  set  in  the  direction  of 
traffic  (parallel  to  I  beams).  The  jack  reacted  through 
an  iron  strut  against  two  overhead  I  beams,  18  inches 
in  depth,  which  were  anchored  to  the  foundations  of 
the  building  by  suitable  steel  work.  The  magnitude  of 
the  load  was  determined  through  the  measured  deflec- 


tion of  a  calibrated  beam.  This  deflection  was  measured 
with  a  0.0001-inch  Ames  dial,  the  stiffness  of  the  beam 
being  such  that  one  division  on  the  Ames  dial  indicated 
a  load  of  185  pounds.  Freedom  of  movement  of  the 
rider  bar  (fig.  3)  on  the  calibrated  beam  and  proper 
contact  of  the  stem  of  the  Ames  dial  was  insured  by 
vibration  of  the  rider  bar  with  an  electric  buzzer  as  the- 
load  was  applied.  Details  of  the  static  loading  device 
are  shown  in  Figures  3  and  4. 

Deflections. — Deflections  of  the  slab  were  determined 
by  measuring  the  distance  between  gauge  points  on  the 
bottom  of  the  slab  and  I  beams  and  corresponding- 
points  fixed  on  the  concrete  floor  beneath  with  a  woodea 
staff  provided  with  a  metal  shoe  at  the  lower  end  and 
an  Aines  dial  at  the  upper  end.  The  gauge  points  on 
the  slab  were  small  brass  blocks,  in  which  conical 
depressions  had  been  drilled.  These  blocks  were  cast 
in  place  in  the  slab  during  construction. 

The  gauge  points  in  the  I  beams  consisted  of  conical 
depressions  drflled  in  the  I  beams.  The  fixed  points  oa 
the  floor  were  similar  conical  depressions  drilled  in, 
strips  of  1  by  3^  inch  steel  bolted  and  grouted  to  the 
floor.  A  pair  of  steel  blocks  with  like  conical  depres- 
sions were  set  into  the  concrete  abutment  at  a  flxed 
distance  apart  to  serve  as  a  standard  to  permit  a  check 
of  the  staff  during  the  progress  of  the  measurements. 
The  layout  of  deflection  points  is  show^n  in  Figure  5. 

Deformation  and  stress. — The  deformations  in  the 
concrete  and  I  beams  were  measured  with  6-inch 
graphic  strain  gauges.  This  small  device  ^  has  a  sys- 
tem of  levers  so  arranged  as  to  magnify  any  movement, 
of  the  gauge  points  at  its  ends  about  75  times  and 

2  More  detailed  information  regarding  this  gauge  and  its  operation  may  be  found  ia 
the  Engineering  News-Record  of  Mar.  29, 1923,  p.  575. 
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Fig.  1. — Design  of  Test  Slab  and  Supports 
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Fig.  2. — Reinforcing  in  Place  For  Test  Slab 


Fig.  3. — Static  Loading  Device — 


,4  =  rubber  cushion. 
i?=cast-iroa  block. 
C=hydraulic  jack. 
D=strut. 
£=  knife-edge. 


F=calibrated  beam. 
C'  =  rider  bar. 
if  =  buzzer. 
7=  Ames  dial. 
J=overhead  I  beams. 


records  the  movement  on  a  smoked  glass.  It  can  be 
used  to  measure  both  contraction  and  expansion  and 
the  smoked  glass  can  be  adjusted  to  record  several 
successive  movements  of  the  gauge  points.  The 
graphic  record  on  the  glass  can  be  measured  with 
suitable  microscope  equipment  or  may  be  projected  on 
a  screen  with  rectangular  coordinates  and  the  actual 
gauge  point  movement  determined  from  measurement 
and  the  known  constants  of  the  instrument  and  pro- 
jection apparatus. 


Fig.  4. — Apparatus  Used  In  Testing  Slabs.  The  De- 
vice Used  To  Determine  I-beam  Reactions  Can 
Be  Seen  Against  the  Wall 

Gauges  were  placed  on  both  bottom  and  top  of  slab 
.  and  also  on  the  webs  of  the  I  beams.  The  gauges  on 
the  slab  were  set  between  brass  plugs  set  in  the  con- 
crete. Those  on  the  I  beams  were  located  7  inches 
above  and  7  inches  below  the  axis  of  the  beams  and 
were  set  between  brass  plugs  attached  to  the  webs  of 
the  I  beams  by  small  bolts  passing  through  the  webs. 
Two  4-inch  strain  gauges  were  set  at  the  center  points 
on  the  bottom  of  the  two  center  reinforcing  trusses, 
between  brass  bearing  plugs  bolted  to  the  lower  chords 
of  the  trusses,  slots  being  cut  through  the  concrete  to 
the  steel.  The  layout  ^of  graphic  stram  gauges  is 
shown  in  Figure  6  and  some  of  them  can  be  seen  in 
Figure  4. 

Spread  of  center  I  heams.— The  spread,  or  the  amount 
that  the  two  center  I-beam  stringers  were  forced  apart 
at  their  midspan  by  static  loads,  was  measured  by  two 
wooden  rods,  each  with  an  Ames  dial  mounted  at  one 
end  and  placed  horizontally  between  the  two  I  beams. 
Conical  depressions  were  drilled  in  the  webs  of  these 
I  beams  at  the  center  of  their  span  3  inches  below  the 
top  and  3  inches  above  the  bottom  of  the  beam,  or  on 
12-inch  centers.  A  wooden  staff  with  a  metal  shoe 
on  one  end  and  an  Ames  dial  on  the  other  was  placed 
])etween  the  two  upper  depressions  and  another  similar 
staff  between  the  two  lower  depressions.  Both  rods 
were  supported  by  a  framework  attached  to  the  I  beam 
in  such  a  way  that  they  might  move  with  the  beams  as 
they  deflected. 

Impact. — Impact  was  applied  to  the  center  point  of 
the  slab  with  the  impact  machine  which  has  been  used 
on  previous  research  by  the  Bureau  of  Public  Koads.^ 
This  machine  consists  of  a  framework  of  structural 
steel  on  which  is  mounted  a  truck  wheel  fastened  to  a 
truck  spring.  Jackscrews  at  the  corners  of  the  frame 
and  an  electric  motor  suitably  geared  to  two  cams 
allow  this  wheel  to  be  raised  and  suddenly  dropped 
any  desired  distance.  The  sprung  weight  may  be 
varied  by  changing  the  spring  tension  with  two  adjust- 
ing screws,  while  the  unsprung  weight  may  be  varied  by 
increasing  or  decreasing  the  weight  of  the  free  falling 


3  See  Public  Roads,  vol.  5,  No.  2,  April,  1924. 
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Fig.   6. — Layout  of   Graphic   Strain    Gauges   In    Top   ani,  Bottom  of  First  Sl^b 


portion  of  the  machine.  For  these  tests  a  36  by  6  inch 
solid  rubber  tire  was  used  with  both  a  5-ton  Pierce- 
Arrow  truck  spring  and  a  7J^-ton  Mack  truck  spring. 
The  magnitude  of  the  impact  pressure  was  determined 
with  a  Bureau  of  PubHc  Roads'  coil  spring  accelero- 
metcr.'^  A  general  view  of  the  impact  machine  is 
shown  in  Figure  7. 

*  See  Public  Roads,  vol.  5,  10,  Dof-ember,  1924. 


Deflection  under  impact. — In  the  measurement  of  the 
deflection  of  the  slab  under  impact  use  was  made  of  the 
same  deflection  points,  both  on  the  slab  and  the  floor, 
that  were  used  under  static  loading.  Wooden  rods 
with  a  metal  shoe  at  the  lower  end  and  an  Ames  dial 
at  the  upper  end  were  set  up  at  selected  deflection 
points,  immediately  under  and  surrounding  the  point 
of  impact.     Around  the  stem  of  each  of  these  dials  a 
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Fig.  7.- — The   Impact  Machixl  Used  fou  Impact  Tests 
ON  Slab 
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EB  indicates  deflection  point 
Fig.  8. — Deflection  of  First  Slab  Under  Static  Load- 
ing Before  Impact 

brass  collar,  fitted  with  a  set  screw,  was  placed.  This 
set  screw  was  tightened  sufficiently  to  overcome,  or 
choke,  the  action  of  the  spring  within  the  dial,  but  not 
to  such  an  extent  as  to  prevent  movement  of  the  plunger 
in  the  dial  under  a  blow.  The  rods  were  set  in  place 
and  all  dials  set  at  zero  with  the  wheel  of  the  impact 


'lUi'  indicates  deflection  point 

Fig.  9.— Deflection  of  I  Beams  for  7,500,  15,000,  20,000, 
22,500,  25,000  and  30,000  Pound  Loads  Applied  Before 
Slab  was  Sub.-ected  to  Impact.  Mean  Values'of  De- 
flections Shown  on  Curves 

machine  on  the  slab.  The  wheel  was  then  raised  free 
of  the  slab  and  the  rise  of  the  slab  due  to  the  release 
of  sprung  load  or  wh(^el  pressure  was  measured  by 
pushing  the  plungers  of  all  dials  up  against  the  slab 
with  the  finger.  The  wheel  was  then  dropped  and  the 
deflection  of  the  slab  due  to  the  impact  blow  was  read 
on  the  choked  dials. 

TEST  PROGRAM  ON  FIRST  SLAB 

Static  loads  in  increments  of  7,500  pounds  up  to 
30,000  pounds  were  applied  at  the  center  of  the  slab. 
Deflection  readings  and  strain-gauge  records  both  in 
the  slab  and  in  the  steel  were  made  for  each  increment. 
The  load  was  removed  by  decrements  of  2,500  pounds 
and  deflection  readings  at  the  center  of  the  slab  and 
at  the  centers  of  the  two  center  I  beams  were  taken  as 
a  measure  of  the  hysteresis  or  lag  of  the  slab.  After 
an  interval  of  at  least  12  hours,  to  allow  complete  recov- 
ery of  the  slab,  the  same  series  of  loads  was  again  applied 
and  similar  data  taken.  This  program  was  repeated 
and  several  sets  of  readings  were  secured  which  agreed 
within  close  limits.  Within  this  limit  of  loadmg  no 
cracks  or  signs  of  distress  were  apparent. 

Mean  values  of  deflection  are  shown  in  Figures  8 
and  9.  Deformations  in  the  slab  and  stresses  in  the 
I  beams  and  reinforcing  trusses  are  shown  in  Figures  10, 
11,  and  12.  Hysteresis  or  lag  is  shown  in  Figures  13 
and  14. 

The  impact  machine  was  then  set  up  with  the  wheel 
over  the  center  of  the  slab  (point  51)  and  a  scries  of 
blows  delivered.  These  blows  simulated  one  rear 
wheel  of  a  5-ton  truck  carrymg  a  2i^-ton  or  a  5-ton 
load  and  dropping  3^,  1,  and  1^  inches.  The  force  of 
these  impact  blows  was  determined  by  means  of  the 
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GAUGES  7  IN. BELOW  AXIS 
OF  BEAM  AND  AT  MIDSPAN 

GAUGE  POSITION  AND  GAUGE  NUMBER 
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GAUGES  7  IN.  ABOVE  AXIS 
OF  BEAM  AND  AT  MIDSPAN 

GAUGE  POSITION  AND  GAUGE  NUMBER 

3A-J9         20A-28        29A-72 


10.01  iudicates  defleotion  point 

Fig.  10. — Indicated  Tensile  and  Compressive  Stresses 
IN  I  Beams  at  Gauge  Points  as  a  Result  of  Static 
Loads 
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Fig.  11. — Deformations  in  Slab  Along  Axis  Parallel 
to  I  Beams,  Static  Loads  7,500  Pounds  to  30,000 
Pounds 


Fig.  13. — Hysteresis  or  Lag  at  Mid-span  on  I 
Beams  3  and  4  Before  Impact 
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Fig.  14. — Hysteresis  or  Lag  at  Center  Point 
OF  Slab  Resulting  from  Static  Loads  Ap- 
plied Before  Impact  Tests 
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Fig.  15. — Deformations  in  Slab  Along  Axis  Nor- 
mal to  I  Beams  Due  to  Impact  Blows  of  5-ton 
Truck  with  23^-ton  Load  and  Drops  of  J^,  1, 
and  \]A  Inches 

accelerometer.  Deformations  in  both  the  top  and  the 
bottom  of  the  slab  were  measured  with  graphic  strain 
gauges.  These  data  are  shown  in  Table  1  and  Figures 
15,  16,  17,  and  18. 
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Fig.  16. — Deformations  in  Slab  Along  Axis  Normal 
TO  I  Beams  Due  to  Impact  Blows  of  5-ton  Truck 
WITH  5-ton  Load  and  Drops  of  3^,  1,  and  \Y2  Inches 

The  spring  on  the  impact  machine  was  then  adjusted 
to  simulate  a  lYi-iow.  truck  with  a  3^-inch  drop  and  a 
series  of  1,000  blows  was  delivered.  Deflection  read- 
ings were  taken  at  the  beginning  of  the  run,  at  the  end 
of  250  blows  and  at  the  end  of  1,000  blows  as  a  measure 
of  the  fatigue  of  the  slab  under  continued  impact.  The 
impact  machine  was  then  removed  from  the  slab  and 
deflections  were  read  as  a  m.easure  of  the  permanent 
set.  The  results  of  these  measurements  are  shown  in 
Figure  19.  Deflection  of  the  slab  under  these  impact 
blows  in  the  immediate  vicinity  of  the  point  of  impact 
was  recorded  by  means  of  choked  dials,  and  the  data 
are  shown  graphically  in  Figure  20. 

The  impact  machine  was  then  moved  to  a  quarter 
point  of  the  slab  centrally  between  I  beams  (point  6). 
A  series  of  3,000  blows  was  delivered  at  this  point  with 
a    15,000-pound    wheel    load    and    a    5^-inch    drop. 
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Fig.  17. — Deformations  in  Slab  Along  Axis  Parallel 
TO  I  Beams  Due  to  Impact  Blows  of  5-ton  Truck 
WITH  23^-TON  Load  and  Drops  of  J^,  1,  and  IJ/2 
Inches 


Table  1. — Maximum  stresses  developed  in  reinforcing  trusses 
under  impact  at  center  of  slab  (graphic  strain  gauges  15  and  S7 
set  on  bottom  of  two  center  reinforcing  trusses  directly  below  point 
of  impact) 


Blow  from  one  rear  wheel  of  , 
5-ton  truck 

Drop 



Inches 
1 

1V2 

Stress  in 

pounds p 

in 

Gauge  15 

steel  in 
er  square 

Gauge  37 

Impact 
blow 

Deflec- 
tion of 
center  of 
slab 

Date 

2,160 
5,850 
9,000 
2,340 
5,850 
9,900 
3,780 
8,280 

13,410 
4,050 
9,000 

13, 050 

Pounds 
6,185 
11,640 
16, 950 
6,065 
14,110 
19,185 
11,115 
22,  255 
28,  295 
10, 125 
21,016 
29, 065 

Incites 

Nov.  20 

Sprung  weight  3,500  pounds 
(2j/$-ton  cargo);  unsprung 
weight  1,943  pounds 

Do. 

Do 

""T376" 
8,250 

0.03 
.07 
.10 

Nov.  23 
Do. 
Do. 

Nov   20 

Sprung  weight  5,950  pounds 
(5-ton    cargo);    unsprung 
weight  1,943  pounds..-. 
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1K2 

iH 

Do 

3,  630 
8,  330 
12,350 
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.10 
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Fig.  18. — Deformations  in  Slab  Along  Axis  Parallel 
TO  I  Beams  Due  to  Impact  Blows  of  5-ton  Truck 
WITH  5-ton  Load  and  Drops  of  3^,  1,  and  13^  Inches 

Graphic  strain  gauge  readings  were  made  on  adjacent 
I-beam  stringers,  the  gauges  being  7  inches  above  and 
7  inches  below  the  axes  of  the  beams  and  opposite  the 
point  of  impact.  Readings  were  taken  at  intervals  of 
500  blows.    The  data  from  this  test  are  shown  in  Table  2. 

A  series  of  deflection  readings  on  points  2  to  10  under 
impact  was  made  at  intervals  of  500  blows  using  choked 
Ames  dials.  No  marked  variation  in  deflections  was 
found  during  the  series  of  blows.  Mean  deflections  as 
found  are  shown  in  Figure  21. 

The  attempts  made  to  measure  any  possible  progres- 
sive deformation  of  the  slab  caused  by  repeated  impact 
at  this  point  were  unsatisfactory.  Due  to  the  eccentric 
position  of  the  point  of  impact  there  was  a  tendency  on 
the  part  of  the  slab  to  continually  shift  its  position  on 
the  abutments.  Although  this  movement  was  small  it 
was  sufficient  to  cause  so  great  a  variation  between  the 
relative  positions  of  the  deflection  points  on  the  slab 
and  floor,  that  small  changes  in  the  slab  could  not  be 
measured. 

At  the  end  of  3,000  blows  very  fine  hair  cracks  had 
developed  radially  directly  under  the  point  of  impact. 
These  cracks  developed  for  a  length  of  about  6  inches 
during  the  first  300  blows  and  the  remainder  during  the 
first  2,500  blows.  From  then  on  no  further  cracking 
was  apparent  nor  did  the  existing  cracks  widen. 
Sketches  of  these  cracks  are  shown  in  Figure  22. 

The  impact  machine  was  then  moved  to  quarter  point 
24  and  a  similar  series  of  3,000  blows  with  an  average 
drop  of  IM  inches  was  made.  In  order  to  keep  the 
impact  machine  in  place  it  was  necessary  to  add  2,060 
pounds  additional  weight  to  the  frame,  thus  increasing 
its  dead  weight  from  14,580  pounds  to  16,640  pounds. 
Due  to  the  severe  impact  developed  by  this  drop  it 
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POINT    OF    IMPACT    AT    CENTER    OF    SLAB  CURVE    A  EQUALS    DEFLECTION    OF    SLAB 

1221  Represents  Deflection  Poi  nts 

Fig.  19.- — Effect  of  Repeated  Impact  Blows  on  Deflec- 
tion OF  Slab.  Point  of  Impact  at  Center  of  Slab. 
Curve  A  Represents  Deflection  of  Slab  Under 
Weight  of  Impact  Machine  +  Wheel  Load  (14,.580  + 
15,000  Pounds).  Curve  B  Represents  Deflection  of 
Slab  Under  Above  Load  After  250  Blows  of  21,080 
Pounds,  Wheel  Load  15,000  Pounds,  Unsprung  Weight 
2,060  Pounds  with  a  J^-inch  Drop.  Curve  C  Same  as 
Curve  B  After  1,000  Blows.  On  Removing  Machine 
FROM  Slab,  Recovery  was  Almost  Complete.  Curve 
D  Represents  Permanent  Set  After  Impact  Machine 
Was  Removed. 

was  found  necessary  to  guy  the  impact  machine  to  the 
I  beams  at  the  corners  of  the  slab.  The  entire  slab, 
including  the  I  beams,  crawled  diagonally  on  the  abut- 
ments as  impact  blows  were  appHed.  During  the  first 
400  blows  this  movement  amounted  to  ^  inch  parallel 
to  the  I  beams  and  1  inch  normal  to  the  I  beams. 

Measurements  in  this  series  were  restricted  to  stresses 
in  the  I  beams  adjacent  to  the  point  of  impact  and  to 


-4  =  deflection  due  to  wheel  load. 
B=total  deflection  under  impact. 
5ii  =deflection  points. 

Fig.  20. — Deflection  of  Slab  Due  to  Impact  at  Cen- 
ter of  Slab.  Unsprung  Weight  2,060  Pounds.  Wheel 
Load  15,000  Pounds.  Average  Impact  Blow  21,080 
Pounds.  Average  Drop  14  Inch.  Figures  Denote 
Mean  Deflections  in  Thousandths  of  an  Inch 

deflections  under  impact.  An  increase  in  deflection  of 
the  slab  under  impact  was  found  as  the  series  of  blows 
progressed.  The  deflection  of  the  slab  under  impact 
is  shown  in  Figure  23. 

Fine  radial  hair  cracks  developed  directly  under  this 
point  of  impact  as  at  point  6.  These  cracks  appeared 
for  the  most  part  during  the  first  600  blows  and  showed 
no  increase  in  extent  or  width  at  the  end  of  3,000  blows. 
A  sketch  of  these  is  shown  in  Figure  22. 

The  entire  slab  was  loosened  on  the  I  beams  and  both 
slab  and  I  beams  had  moved  two  inches  at  the  end  of 
the  run.  The  slab  was  then  jacked  back  to  its  original 
position  on  the  abutment  and  static  loads  were  again 
applied  at  the  center  in  increments  of  15,000  pounds  up 
to  75,000  pounds,  the  safe  hmit  of  the  loading  device. 
Mean  values  of  several  check  sets  of  deflection  readings 
are  shown  in  Figures  24  and  25. 

Several  sets  of  graphic  strain  gauge  readings  were 
taken  on  the  two  center  I  beams  adjacent  to  the  point 
of  load  with  results  as  shown  in  Figure  26. 

The  effect  of  the  impact  tests  on  the  load-deflection 
relations  of  the  slab  is  shown  in  Figure  27. 

Figure  28  shows  the  deflection  set  caused  by  60,000 
and  75,000  pound  static  loads  apphed  after  the  impact 
tests  had  been  completed. 


Table  2.— Stresses  caused  by  impact  in  I  beams  at  gauge  points 


impact  at  point  24 


At  end  of  blow 


Pounds 
5,160 
8,350 
5,680 

11,800 


30 


Pounds 
5,260 
7,970 
6,070 

15, 980 


100 


Pounds 
6,120 
8,850 
6,650 

17, 080 


300 


Pounds 
4,460 
9,730 
5,880 

15,950 


400 


500 


Pounds  Pounds 
6,230  i  6,860 
8,560  ,  7,000 
6,510  '    6,280 

18,540  j  16,900 


600 


Pounds 
10,910 
7,670 
8,330 
17, 980 


700 


Pounds 
7,500 
7,350 
6,500 

13,910 


1,000 


1,500 


Pounds 
7,300 
7,300 
6,2C0 

18, 020 


2,000    :   2,500       3,000 


Pounds  Pounds  Pounds  Pounds 


Mean 


7,500 
6,770 
6,250 
13, 820 


7,050 
6,040 
6,150 
13, 330 


7,560 

7,770 
5,140 
14,  500 


Topi  beam  2,  gauge  41 

Bottom  I  beam  2,  gauge  22.. 

Top  I  beam  3,  gauge  5 

Bottom  I  beam  3",  gauge  77. 

XN     J,     J    1^  i:onj_onRn-iRR4nnoMTid«!    Unsprung  weight,  2,060  pounds.   Wheenoad= 15,000  pounds. 
Frame  of  impact  machine  weighted  with  2,060  pounds.    Deadload=14,580+2.060=16.640pounds.    Unsprungweig.   , 

read  at  end  of  impact  blow.    Average  blow,  40,750  pounds.    Average  drop,  IK  mches. 


impact  AT  POINT  6 


6,850 
7,760 
6,290 
15, 780 


Stresses 


Top  I  beam  2,  gauge  41 
Bottom  I  beam  2,  gauge  22 
Top  I  beam  3,  gauge  5 
Bottom  I  beam  3,  gauge  77 


Dead  load  =  14,580  pounds.    Unsprung  weight,  2,060  pounds.    Wheel  load,  15,000 
age  drop,  five-eighth  inch. 

65639—27 2 


pounds.    Stresses  read  at  end  of  impact  blow.    Average  blow,  27,030  pounds.     Aver- 
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PARALLEL  TO 


^= deflection  due  to  wheel  load 
5=  total  deflection  under  impact 
S2I  =  deflection  points. 

Fig.  21. — Deflection  of  Slab  Due  to  Imp.\ct  at  Quarter 
Point  No.  6.  Unsprung  Weight  2,060  Pounds.  Wheel 
Load  15,000  Pounds.  Average  Impact  Blow  27,030 
Pounds.  Average  Drop  ^  Inch.  Figures  Denote 
Mean  Deflections  in  Thousandths  of  an  Inch. 

BLdWS    DELIVERED    DIRECTLY    OVER    POINT     6.     3000  BLOW/S.    |"dROP.  AVE  BLOW     27030* 
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Fig.  22. — Sketches  Showing  Crack  Development  as  a 
Result  of  Impact  Blows  on  Point  6  and  Point  24 

Check  measurements  of  the  spread  or  tilting  of  the 
I  beams  under  15,000-pound  load  increments  were  made 
as  described  on  page  161.  Figure  29  shows  that,  in  spite 
of  the  fact  that  the  slab  had  been  loosened  from  the 
I  beams,  the  I  beams  spread  or  tilted  enough  to  allow 
their  flanges  to  follow  the  deflection  of  the  slab. 


yl  =  deflection  due  to  wheel  load. 
i?=total  deflection  under  impact  at  beginning  of  run. 
C=increase  in  total  deflection  under  impact  at  end  3,000  blows 
IS  o.[= deflect  ion  point 

Fig.  23. — Deflection  of  Slab  Due  to  Impact  at  Quarter 
Point  24.  Unsprung  Weight  2,060  Pounds.  Wheel 
Load  15,000  Pounds.  Average  Impact  Blow  40,750 
Pounds.  Average  Drop  IJ^  Inches.  Figures  De- 
note Mean  Deflections  in  Thousandths  of  an  Inch. 

Fine  hair  cracks  as  shown  in  Figure  30  developed 
under  static  loads  of  60,000  to  75,000  pounds.  These 
cracks  were  very  fine  and  showed  no  increase  in  extent 
or  width  under  repeated  loading. 

On  the  removal  of  the  slab  one  of  the  reinforcing 
trusses  was  broken  out  of  the  slab  and  it  was  found 
that  in  spite  of  the  dry  mix  used,  about  90  per  cent  of 
the  spaces  in  the  upper  chord  channels  were  filled  with 
concrete. 

TESTS  ON  SECOND  SLAB 

The  materials  used  in  the  construction  of  the  second 
slab  were  identical  with  those  used  in  the  first  slab. 
The  cement  showed  a  tensile  strength  of  300  pounds 
per  square  inch  and  415  pounds  per  square  inch  at  the 
end  of  7  and  28  days,  respectively.  Concrete  test 
cylinders  developed  a  modulus  of  elasticity  of  2,883,000 
pounds  per  square  inch  and  a  compressive  strength  of 
3,560  pounds  per  square  inch  at  the  end  of  28  days. 

The  methods  of  placing  and  curing  were  the  same  in 
both  slabs."  The  mix  was  the  same,  except  that  the 
water  content  was  increased,  an  average  slump  of 
8.7  inches  with  a  4  by  8  by  12  inch  cone,  and  an  average 
flow  of  154  being  maintained. 

In  the  tests  on  the  second  slab  the  following  measure- 
ments were  made: 

a.  Deflection  of  the  slab  and  of  the  I  beams  under  static 
loads. 

h.  Deformations  in  the  slab  and  in  the  I  beams  under  static 
loads. 

c.  Spread  of  two  center  I  beams  under  static  loads. 

d.  Reactions  at  one  end  of  the  I  beams. 

In  testing  the  second  slab  measurements  were  to  a 
great  extent  confined  to  one  quadrant  as  it  was  found 
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Fig.  24. — Slab  Deflection  under  Inckements  of 
Static  Loading  up  to  75,000  Pounds.  Loading 
Applied  after  Impact  Tests 

from  the  first  slab  that  all  four  quadrants  behaved 
symmetrically. 

Static  loads  were  applied  at  the  same  point  and  in 
the  same  manner  as  in  the  first  slab,  except  that  a 
circular  steel  plate  12  inches  in  diameter  and  %  inch 
thick  and  a  cushion  of  ^-inch  rubber  packing  were  sub- 
stituted for  the  cast-iron  block  and  tire  sections  used  on 
the  first  slab,  thus  giving  a  more  definite  area  of  load. 

Deflections  were  measm-ed  by  wooden  rods  fitted 
with  metal  shoes  on  the  lower  end  and  Ames  dials  at 
the  top  set  permanently  between  the  gauge  points  on 
the  slab  and  on  the  I  beams  and  those  on  the  floor. 
(Fig.  31.)  The  layout  of  deflection  points  and  graphic 
strain  gauges  is  given  in  Figure  32. 

Deformations  in  the  slab  and  stresses  in  the  I  beams 
were  determined  by  graphic  gauges  attached  as  in  the 
previous  slab.  No  stresses  were  measured  in  the  rein- 
forcing steel  in  the  second  slab. 

The  spread  of  the  two  center  I  beams  was  measured 
by  the  same  method  as  in  the  flrst  slab,  except  that 
two  Ames  dials  were  used  on  each  staff,  one  at  either 
end. 

The  apparatus  used  in  the  measurement  of  the  end 
reactions  of  the  I-beam  stringers  consisted  of  a  2  by 


Fig.  25. — Deflection  of  I  Beams  under  Increments 
OF  Static  Loading  up  to  75,000  Pounds.  Loading 
Applied  after  Impact  Test 
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Fig.  27. — Diagram  Showing  Load-deflection  Relation 
FOR  Static  Loads  Applied  before  and  after  Impact 
Tests 
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-Sketches  Showing  Spread  of  the  Two  Center 
I  Beams  under  Various  Static  Loads 
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Fig.  30. — Showing  Cracks  which  Became  Visible  Under 
Loading  Point  Upon  Application  op  Static  Loads 
From  60,000  to  75,000  Pounds 


4  inch  steel  beam,  20  feet  long,  rigidly  supported  on 
edge  directly  above  the  ends  of  the  I  beams  by  struts 
resting  on  the  concrete  abutment.  (Fig.  4.)  Six  sus- 
pension rods  of  ^-inch  round  manganese  steel  were 
attached  to  this  beam  at  their  upper  ends  and  to  the 
I  beams  by  suitable  stirrups  at  their  lower  ends.  Nuts 
at  the  upper  end  of  these  suspension  rods  permitted 
them  to  be  shortened,  thus  taking  up  the  load  of  the 
I  beams.  On  opposite  sides  of  the  suspension  rods 
gauge  points  on  15-inch  centers  permitted  the  elon- 
gation of  the  rods  under  load  to  be  measured  with  a 
15-inch  Berry  strain  gauge.  Each  rod  was  calibrated 
and  from  the  mean  elongation  of  the  two  sets  of  gauge 
points  the  load  on  each  I  beam  could  be  determined. 


Fig.  31. — Wooden  Rods  ln  Place  for  the  Measurement  of  Deflections  of  Second  Test  Slab 
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Fig.  32.— Layout  of  Deflection  Points  and  Graphic  Strain  Gauges  for  Second  Slab 
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Fig.  33. — Sketch  Showing  Cracks  Developed  by  Static 
Loads  at  Center  Point.  Solid  Lines  Show  Hair-line 
Cracks  Developed  by  Loads  from  31,250  to  40,000 
Pounds.  Dash  Lines  Show  Increase  Due  to  75,000- 
pound  Load 
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Fi<;.  34.^Deflection  of  Second  Slab  under  Different 
Static  Loads  Applied  at  the  Center 


Fig.  35. — Deflections  of  Second  Slab  under  Different 
Static  Loads  Applied  at  the  Center 

The  procedure  was  as  follows: 

Wooden  rods  with  Ames  dials  at  their  upper  ends 
were  set  under  the  deflection  points  at  the  ends  of  I 
beams  nearest  the  suspension  rods.  These  deflection 
dials  were  set  to  read  zero.  Several  sets  of  initial  read- 
ings were  taken  on  each  suspension  rod  with  these  rods 
loose.  The  suspension  rods  were  then  shortened  suf- 
ficiently to  allow  the  bearing  plates  to  be  slipped  from 
beneath  the  I  beams  and  the  rods  were  then  adjusted 
to  bi'ing  the  Ames  dials  to  zero  or  their  original  position 
with  bearing  plates  in  place.  Strain  gauge  readings 
were  now  taken  on  each  suspension  rod  as  a  measure 
of  the  dead  load  of  the  slab.  Static  loads  were  then 
applied  and  each  time  the  dials  under  the  ends  of  the 
I  beams  were  adjusted  by  means  of  the  suspension  rods 
to  show  the  same  deflection  of  the  I  beam  that  appeared 
under  static  load  with  bearing  plates  in  place.  Strain 
gauge  readings  were  then  taken  as  a  measure  of  the 
reactions  produced  by  static  loads. 

PROGRAM  FOLLOWED  FOR  SECOND  SLAB 

Five  check  sets  of  deflection  readings  were  taken  for 
static  loads,  applied  at  the  center  of  the  slab,  of  22,500, 
31,250,  and  40,000  pounds.  Radial  cracks  as  shown  in 
Figure  33  developed  under  the  two  larger  loads.  The 
mean  values  of  the  deflections  as  measured  are  shown  in 
Figures  34  and  35. 
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Fig.  36. — Deformations  in  Slab  along  Axis  Normal 
TO  I  Beams  under  Static  Loads  of  22,500,  31,250, 
AND  40,000  Pounds 

Check  sets  of  graphic  strain  gauge  measurements 
were  made  in  the  top  and  bottom  of  the  slab.  As  in 
all  of  the  strain  gauge  measurements  on  this  slab  the 
recorded  deformations  were  erratic.  It  is  thought  that 
this  is  due  to  local  stresses  rather  than  to  any  fault  in 
the  gauges  or  the  technic.  When  the  second  slab  was 
built  it  was  necessary  to  remove  bows  in  the  reinforcing 
trusses  by  wii'ing  the  trusses  to  the  forms.  After  the 
concrete  set  up,  this  distortion  of  the  trusses  must  have 
produced  some  stress  in  the  concrete  which  would  tend 
to  disturb  the  measured  deformations,  particularly 
under  the  smaller  loads.  Deformations  are  shown  in 
Figure  36. 

Six  sets  of  measurements  of  the  spread  of  the  I  beams 
were  made  under  the  above  static  loads  with  results 
as  shown  in  Figure  37. 

Five  sets  of  reaction  measurements  at  one  end  of 
the  I  beams  were  then  made  for  each  of  the  above 
loads.  Reactions  were  also  measured  for  loads  from 
5,000  pounds  to  30,000  pounds  by  increments  of  5,000 
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Fig.  38. — I-beam  Reactions  as  Measured  for  Loads 
of  22,500  and  40,000  Pounds.  Reactions  for  the 
22,500-POUND  Loading  Are  the  Mean  of  Five  Sets 
OF  Readings  and  for  the  40,000-pound  Loading 
FROM  One  Set.  The  Computed  Reactions  are 
Derived  from  Deflections  of  I  Beams  under  Load 
While  Resting  on  Shims 

pounds.     Results  of  reaction  measurements  are  shown 
in  Table  3  and  Figures  38,  39,  and  40. 

Check  sets  of  slab  deflections  were  then  measured  for 
static  loads  of  30,000  to  75,000  pounds  in  15,000-pound 
increments  with  results  as  shown  in  Figure  41.  Under 
the  75,000  pound  load  cracks  as  developed  by  the 
40,000-pound  load  were  slightly  increased,  as  shown  in 
Figure  33.  These  cracks  were  hair  cracks  and  of  no 
serious  importance. 
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20000 


5  10  15  20  25  30  35 

load  at  center  -  thousand  pounds 

Fig.  39. — Variation    of   Sum   of    Measured    Reactions 
FROM  Theoretical  Values 

Table  3. — Reaclions  as  measured  at  I  beams  for  5,000-pound  load 
increments 

[Computed  dead  load,  37, .500  pounds] 


Loading 

I  beam  No. 

Total 

Difference 
between 
true  and 
measured 
reactions 

1 

2 

3 

4 

5 

6 

Pounds 

Slab  only 
5,000 
10,  COO 
15,000 
20, 000 
25,000 
30, 000 

Pounds 
2,560 
-310 
-250 
-250 
-310 
440 
-250 

Pounds 
4,560 
440 
1,125 
1,750 
1,690 
2,125 
2,250 

Pounds 
2,500 
440 
1,060 
1,560 
2,560 
2,875 
4,190 

Pounds 
5,  690 
875 
1,690 
2,810 
3,440 
4,435 
5,125 

Pounds 
125 
685 
1.000 
1,500 
1,875 
2,440 
2,810 

Pounds 
4,625 
-310 
-125 
-190 
-565 
-375 
-310 

Pounds 
20,060 
1,820 
4,500 
7,190 
8,690 
11,060 
13,  810 

Pounds 

-680 

-500 

-310 

-1,310 

-1,440 

-1,190 

1 

RESULTS  INDICATE  THAT  SLABS  ARE  ADEQUATE  FOR  DESIGN  LOAD 

Regarding  these  tests  purely  as  a  measure  of  the 
ability  of  the  floor  system  to  perform  safely  the  duties 
imposed  on  it,  the  following  facts  are  evident. 

The  design  load  assumed  for  the  floor  slabs  was  a 
15,000-pound  static  load  plus  a  50  per  cent  allowance 
for  impact,  or  a  total  load  of  22,500  pounds.  The 
first  slab  under  a  static  load  of  30,000  pounds,  which  is 
one-third  greater  than  the  design  load,  showed  no 
signs  of  distress  or  permanent  set. 

Under  loads  of  22,500  pomids  and  30,000  pounds  the 
maximum  indicated  stresses  ui  the  reinforcing  steel  of 
the  first  slab  directly  under  the  point  of  load  were 
8,550  and  11,000  pounds  per  square  inch,  respectively, 
based  on  the  measured  value  of  E  of  30,000,000  pounds 
per  square  inch. 

Referring  to  Figure  26,  it  will  be  seen  that  for  a 
static  load  of  30,000  pounds  the  maximum  measured 
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Fig   40. — I  Beam    Reactions   as    Measured    for   5,000- 
pound  Load  Increments  from  5,000  to  30,000  Pounds 

deformations  in  the  I  beams  indicate  a  stress  of  4,500 
pounds  per  square  inch  in  the  steel,  at  the  gauge  points, 
based  on  a  measured  value  of  £'=30,000,000  pounds 
per  square  inch.  If  a  straight  line  variation  of  stress 
across  the  I  beam  is  assumed,  the  indicated  maximum 
fiber  stress  is  5,600  pounds  per  square  inch  at  the 
extreme  fiber. 

Four  sets  of  strain  gauge  readings  in  the  concrete 
on  the  upper  surface  of  the  slab,  one  typical  set  of 
which  is  shown  in  Figures  11  and  12,  indicate  that  the 
22,500  and  30,000  pound  loads  caused  maxunum  com- 
pressive stresses  of  470  and  580  pounds  per  square 
inch,  respectively,  along  the  axis  normal  to  the  I 
beams,  while  along  the  axis  parallel  to  the  I  beams 
maximum  compressive  stresses  of  930  and  1,210  pounds 
per  square  inch  were  created  by  the  same  two  loads. 
These  are  the  maximum  stresses  indicated  in  any  of  the 
four  sets  of  measurements  and  not  the  maxima  indi- 
cated by  the  single  set  shown  in  Figures  11  and  12 

Slight  negative  bending  moments  are  indicated  in 
the  top  of  the  slab  directly  over  the  I  beams  and  along 
the  center  line  of  the  slab  normal  to  them,  and  if  it  can 
be  assumed  that  no  cracking  occurred  in  the  concrete, 
the  deformations  measured  would  indicate  tensile 
stresses  in  the  concrete  of  130  pounds  per  square  inch 
and  160  pounds  per  square  inch  for  the  22,500-pound 
and  30,000-pound  loads,  respectively. 

Although  deformations  equivalent  to  maximum 
tensile  stresses  in  the  concrete  of  1,900  and  2,400-pounds- 
per  square  inch  were  found  in  the  bottom  of  the  slab 
at  the  center  under  the  above  static  loading  the  rein- 
forcing steel  was  ample  and  no  visible  cracks  developed. 
The  loadings  referred  to  were  static. 

Fatigue  due  to  the  dead  load  of  the  impact  machine 
of  14,580  pounds  plus  repeated  impact  blows  of  about 
21,000  pounds  was  apparent  but  recovery  was  almost 
complete  after  an  interval  of  rest. 

Under  an  impact  blow  of  about  29,000  pounds  a  max- 
mum  stress  of  somewhat  over  13,000  pounds  per  square 
inch  was  developed  in  the  reinforcing  trusses  directly 
under  the  blow.  For  the  same  blow  a  maximum  com- 
pression in  the  slab  of  855  pounds  per  square  inch 
along  the  axis  normal  to  the  I  beams  and  1,764  pounds 
per  square  inch  along  the  axis  parallel  to  the  I  beams 
was  found. 
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Fig.  41.— Deflection  of  Second    Slab   Under   Static   Loadings  from   30,000  to  75,000  Pounds.     Values  Used 

Are  Mean  Deflections 


Deformations  equivalent  to  a  maximum  tensile  stress 
in  the  concrete  of  2,754  pounds  per  square  inch  were 
found  in  the  bottom  of  the  slab  under  the  29,000- 
pound  impact  pressure,  yet  no  visible  cracks  appeared. 

A  series  of  3,000  impact  blows  of  about  27,000 
poimds  intensity  at  a  quarter  point  on  the  slab  developed 
a  maximum  mean  indicated  stress  at  the  gauge  points 
of  3,875  pounds  per  square  inch  in  the  I  beams,  while 
a  series  of  3,000  blows  of  about  41,000  pounds  intensity 
at  a  second  quarter  point  resulted  in  a  mean  indicated 
stress  at  the  gauge  points,  of  15,780  pounds  per  square 
inch  in  the  I  beams.     (See  Table  2.) 

Some  few  hair  cracks  developed  directly  under  the 
point  of  impact  at  both  quarter  points,  but  as  these 
cracks  developed  during  the  early  part  of  each  series 
of  blows,  were  not  progressive  and  showed  practically 
no  increase  at  the  end  of  the  run,  they  are  not  to  be 
considered  as  of  serious  importance.  Although  the 
first  slab  showed  a  marked  increase  in  flexibility  due 
to  continued  impact  at  the  center  no  signs  of  distress 
were  apparent  until  a  static  load  of  60,000  pounds  had 
had  been  applied.  Under  loads  from  60,000  to  75,000 
poimds,  hair  cracks  similar  in  type  to  those  at  the 


quarter  points  developed  on  a  limited  area  directly 
under  the  point  of  load.  It  is  probable  that  the  increase 
in  flexibility  is  due,  m  part  to  fatigue,  and  in  part  to  a 
decrease  in  the  T-action  of  the  slab  and  I  beams, 
caused  by  a  breaking  of  the  bond  between  the  slab 
and  the  I  beams  by  the  series  of  severe  impact  blows. 
The  increased  water  content  used  in  the  second  slab 
caused  a  decrease  in  compressive  strength  of  35  per  cent 
(from  5,465  pounds  to  3,560  pounds  per  square  inch) 
and  under  the  30,000  pound  load  an  increase  in  deflec- 
tions or  flexibihty  of  about  18  per  cent  with  a  corre- 
sponding increase  in  deformations  and  stresses.  This 
slab  under  a  static  load  of  31,250  pounds  evidenced  no 
signs  of  distress.  At  some  point  between  loads  of 
31,250  pounds  and  40,000  pounds  a  few  fine  hair  cracks 
developed  directly  under  the  load,  but  an  increase  of  load 
to  75,000  pounds  caused  very  slight  increases  in  these 
cracks,  which  may  be  taken  as  evidence  that  the  load 
was  well  taken  care  of  by  the  reinforcing  steel.  As  the 
concrete  actually  used  on  the  bridge  floor  slabs  showed 
a  mean  compressive  strength  of  2,700  pounds  per 
square  inch  probably  due  to  its  greater  water  content, 
increased  deflections  and  stresses  over  those  found  in 
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Fig.  42. — Mean  Deformations  in  Slab  Along  Axis  Nor- 
mal TO  I  Beams  for  Static  Loads  of  30,000  Pounds  to 
75,000  Pounds 

either  of  the  test  slabs  are  to  be  expected,  but  as  the 
factors  of  safetj'  are  hirge  enough  to  care  for  such  an 
increase  it  is  quite  apparent  that  the  slabs  are  ample 
to  withstand  any  possible  loading  to  which  they  may  be 
subjected  by  modern  traffic. 

RESULTS  CONSIDERED  AS  A  POSSIBLE  AID  TO  DESIGN 

As  the  data  collected  during  these  tests  will  un- 
doubtedly be  of  value  to  those  who  are  interested  in 
developing  a  method  of  design,  they  are  presented  as 
fully  as  possible  in  this  report,  with  a  discussion  of  their 
relative  value  and  probable  accuracy. 

It  is  felt  that  of  the  measurements  made  in  these  tests, 
the  deflection  measurements  are  the  most  reliable 
because: 

1.  The  mechanical  methods  used  in  making  them  allow  but 
small  chance  for  physical  errors  to  creep  in. 

2.  Repeated  sets  of  readings  on  both  slabs  give  close  checks 
for  the  individual  slabs. 

3.  Deflection  readings  for  both  the  first  and  second  slab  check 
each  other  closely  as  to  type  of  deflection  curve. 


It  will  be  seen  from  Figures  8,  24,  34,  35,  and  41  that 
both  slabs  deflect  symmetrically  about  their  axes  and 
that  deflections  vary  directly  with  the  static  loads. 
From  Figures  9  and  25  it  appears  that  the  I-beam 
stringers  also  deflect  symmetrically,  and  with  the  slab, 
as  deflections  of  the  I  beams  coincide  with  the  deflection 
curves  of  the  slabs.  Figures  29  and  37  clearly  show  that 
the  flanges  of  the  I  beams  tilt  and  follow  the  curve  of 
the  slab,  the  entire  slab  deflecting  as  a  simple  plate 
being  slightly  stiff er  along  the  axis  normal  to  the 
I  beams.  The  above  action  is  quite  evident  from 
Figure  43. 

The  first  slab  under  static  loads  up  to  30,000  pounds 
showed  no  permanent  set,  although  the  expected  lag 
was  observed  in  both  slab  and  steel,  as  shown  in  Figures 
13  and  14. 

Progressive  fatigue  with  increased  flexibility  under 
continued  impact  blows  delivered  at  short  intervals 
with  almost  complete  recovery  after  an  interval  of  rest 
is  evident  from  Figure  19.  From  Figures  8,  24,  and 
27  it  will  be  seen  that  deflections  of  the  slab  under  equal 
static  loads  have  been  almost  doubled  by  the  fatigue 
caused  by  7,000  impact  blows  and  decrease  in  T-beam 
action  of  the  I  beams  and  slab  acting  as  a  unit. 

Figures  8  and  24  indicate  that  the  type  of  deflection 
curve  after  impact  is  the  same  as  that  before  impact, 
varying  only  in  amount.  This  is  more  clearly  shown 
in  Figure  44,  where  deflection  curves  for  the  first  slab 
both  before  and  after  impact  and  for  the  second  slab 
are  reduced  to  type  curves.  Deflection  curves  for  the 
first  slab  under  a  static  load  of  30,000  pounds  before 
impact  were  taken  as  base  curves.  Curves  for  the 
first  slab  under  static  load  after  impact  and  the  second 
slab  under  static  load  were  reduced  thereto  by  applying 
factors  equal  to  the  ratios  of  the  deflections  at  the 
center  points  under  30,000  pound  loads  to  the  center 
deflections  of  the  base  curve. 

It  appears  from  these  type  curves  that  the  above 
three  cases  do  not  vary  in  type  but  vary  only  in  the 
amount  of  the  deflections,  due  probably  to  fatigue  and 
increased  flexibility  in  the  case  of  the  flrst  slab  after 
impact  and  to  the  weaker  concrete  in  the  second  slab. 
Therefore  it  may  be  assumed  that  the  action  of  the 
slabs  in  all  three  cases  was  identical. 

In  Figure  45  a  comparison  of  the  deflections  of  the 
first  slab  under  static  load  both  before  and  after  impact 
with  the  deflections  as  measured  by  "choked"  dials 
under  an  impact  blow  equal  to  the  static  load  is  shown. 
This  comparison  shows  the  progressive  fatigue  due  to 
the  impact  and  also  indicates  that  the  type  of  the 
deflection  curves  is  essentially  the  same  for  both  static 
loads  and  impact  blows  of  equal  magnitude. 

In  Figure  46  a  comparison  is  made  of  the  stresses  in 
the  reinforcing  trusses  under  impact  and  static  pres- 
sures, by  drawing  the  curve  which  shows  the  static 
load-stress  relation  (data  from  Figure  10)  and  then 
plotting  the  impact  data  shown  in  Table  1  against  this 
curve.  The  indication  is  that  somewhat  higher  stresses 
result  from  impact  pressures  than  do  from  static  pres- 
sures of  the  same  magnitude.  The  stresses  under 
static  load  appear  to  vary  directly  with  the  load.  This 
is  also  true  of  the  static  load  stresses  in  the  I  beams  as 
shown  in  Figure  26. 

Stresses  as  measured  in  the  concrete  of  the  two  slabs 
were  more  or  less  erratic  and  unsatisfactory.  The 
reinforcing  trusses  on  account  of  their  weight,  length, 
and  method  of  fabrication  were  warped  in  both  planes, 
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AKI3   PERPENDICULAR    TO    1    SEAMS 


Fig.  43. — Sketch    Showing    Deflection    Contours    Produced    by  a    Center    Load    of    40,000    Pounds,  Contour 

Interval  0.005  Inch 


and,  as  previously  remarked,  it  was  necessary  to  spring 
them  into  place  and  wire  them  to  the  forms.  On 
removing  the  forms  there  is  little  doubt  that  the  spring 
action  of  these  trusses  introduced  initial  stresses  in  the 
slab  in  some  cases  large  enough  to  partially  neutralize 
or  appreciably  increase  the  stresses  caused  by  static 
loads  and  impact. 

Difficulty  was  experienced  in  getting  satisfactory 
readings  on  all  of  the  large  number  of  gauges  used  in 
these  tests.  It  was  necessary  to  allow  these  gauges_  to 
remain  in  place  for  comparatively  long  periods  which 
may  have  introduced  slight  errors  due  to  temperature 
changes  or  dust  on  the  recording  slides. 

Tests  of  the  graphic  strain  gauges,  under  impact, 
made  at  Johns  Hopkins  University  have  shown  them 
free  from  mertia  effects  and  their  records  to  be  reliable. 
Nevertheless,  difficulty  was  experienced  in  keepmg 
gauge  points  in  the  slab  from  loosening  and  the  glass 
slides  from  slipping,  especially  on  the  bottom  of  the 
slab,  when  delivering  severe  impact  blows. 

The  principal  value  of  these  measurements  is  to 
show  the  approximate  maximum  stresses  developed 
under  the  loads  imposed. 


Measurements  of  reactions  are  shown  in  Figures  38 
and  40.  In  Figure  39  the  variation  between  the  sum 
of  the  measured  reactions  and  the  load  imposed  varies 
from  4  to  28  per  cent,  the  28  per  cent  variation  being 
for  the  low  load  of  5,000  pounds. 

The  reactions  shown  seem  to  support  the  contention 
that  there  was  present  a  certain  arching  action  in  the 
slab  due  to  the  spring  action  of  the  steel.  It  is  to  be 
noted  that  as  the  load  increased  the  reactions  more 
nearly  approach  symmetry  and  the  error  decreases  to  a 
reasonable  variation  of  about  10  per  cent.  By  a  com- 
parison of  results  as  shown  in  Figures  38  and  40  it  will 
be  seen  that  for  I  beams  2,  3,  4  and  5,  reactions  as 
measured  vary  directly  as  the  loads  applied  within  the 
limits  of  accuracy  of  these  measurements.  The  meas- 
urements at  I  beams  1  and  6  are  so  small  as  to  be 
indeterminate  considering  the  methods  used  in  making 
the  measurements. 

A  SUGGESTED  METHOD  OF  ANALYSIS 

No  attempt  to  develop  a  possible  method  of  analysis 
for  this  type  of  slab  has  been  made  by  the  Bureau  of 
Public  Roads.     However,  engineers  of  the  Delaware 
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Fig.  44. — Comparison  of  Types  of  Deflection  Curves  for 
First  and  Second  Slabs.  Correction  Factors  for 
Deflection  of  First  Slab  Under  Static  Loading  After 
Impact  Tests  and  for  Second  Slab  Determined  as 
Explained  in  Text 
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Fig.  46. — Comparison  of  Stresses  in  Reinforcing 
Trusses  of  First  Slab  from  Static  amd  Impact  Loads. 
(See  Figs.  5,  11,  and  Table  1) 
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Fig.  45. — Comparison    of   Deflection   of  Slab    Under 
Static  Load  and  Impact 


Fig.  47. — Composite  or  Type  Deflection  Curves  on 
Center  Line  Normal  to  I  Beams  and  at  15-inch 
Intervals  for  Static  Load  of  40,000  Pounds 

River  Bridge  Joint  Commission  who  cooperated  in 
the  tests  have  suggested  that  analysis  be  made  in  the 
folio  Vising  manner : 

By  taking  the  deflections  along  the  axes  which  are 
symmetrically  located  in  the  slab,  composite  or  type 
curves  may  be  developed  as  shown  in  Figure  47. 

By  developing  graphically  successive  dilTerentials  of 
the  original  or  type  curves,  by  the  tangent  or  other 
method,  tj^pe  curves  for  moment,  shear  and  load  dis- 
tribution may  be  developed.  An  example  of  this  for 
the  first  slab  is  shown  in  Figure  48. 

As  deflections  were  measured  at  shorter  intervals, 
along  the  axes  of  the  second  slab  and  as  the  deflections, 
were  measured  by  Ames  dials  fixed  in  place  it  is  proba- 
ble that  better  results  would  be  obtained  b}^  using  the- 
deflection  curves  of  the  second  slab.  Composite  curves 
for  this  slab  are  shown  in  Figure  47. 

(Contiuued  on  p.  189) 


FURTHER  TESTS  OF  ViBROLITHlC  CONCRETE 

By  .he  Division  of  Tests.  United  States  Bureau  of  Public  Roads.    Reported  by  L.  W.  TELLER,  Engineer  of  Tests,  and  C.  E.  PROUDLEY.  Assistant  Engineer  of  Tests 


COMPAKATIVE  transverse  bending  tests  on  nor- 
mal and  Vibrolithic  concrete  have  recently  been 
completed  by  the  Bureau  of  Public  Roads.  The 
tests  were  carried  on  at  the  Arlington  Experimental 
Station  of  the  bureau  and  the  April,  1926,  issue  of 
Public  Roads  contained  a  progress  report,  giving  the 
data  obtained  as  a  result  of  tests  of  28-day  specimens. 
Since  then  the  investigation  has  been  concluded  with 
the  testing  of  a  duplicate  series  of  one-year  specimens. 
This  report  is  concerned  largely  with  these  later  tests 
and  includes  data  obtained  in  auxiliary  investigations 
which  have  been  made. 


Fig.    1. — Slabs   and    Apparatus   at   the    Beginning    of 
THE  One-year  Tests 

EFFORT  MADE  TO  ELIMINATE  ALL  VARIABLES  EXCEPT  THOSE 
BEING  STUDIED 

The  object  of  the  investigation  was  to  obtain  data 
on  the  resistance  to  rupture  by  bending,  of  specimens 
of  different  mixes  fabricated  by  each  of  the  two  meth- 
ods. These  tests  must  not  be  considered,  however,  as 
a  complete  comparative  study  of  Vibrolithic  and  nor- 
mally finished  pavements.  Only  one  kind  of  aggregate 
was^used  and  there  is  no  evidence  as  to  the  effect  of 
other  kinds.  The  normal  slabs  were  finished  by  hand, 
and  the  results  obtained  apply  only  to  this  method  of 
finishing.  The  effect  of  machine  finishing  was  not 
investigated. 

In  these  experiments  every  effort  was  made  to 
eliminate  all  variables  except  those  which  were  being 
studied  and  to  have  all  operations  performed  under  as 
nearly  similar  working  conditions  as  possible. 

The  methods  of  fabrication  and  of  testing  were 
given  in  detail  in  the  previous  report  and  will  be  out- 
lined only  briefly  here.  The  test  specimens  were  slabs 
36  inches  wide,  72  inches  long,  and  6  inches  thick, 
made  of  carefully  proportioned  mixes.  The  coarse 
aggregate  was  limestone  from  Frederick,  Md.,  graded 
from  2  inches  to  ^  inch.  The  fine  aggregate  was  clean 
and  fairly  coarse  Potomac  River  sand.  A  carefully 
blended  Portland  cement  of  good  quality  was  used. 
A  correction  was  made  for  the  bullcing  of  the  sand. 
The  consistency  for  both  types  of  slabs  was  maintained 
at  about  a  2-inch  slump,  or  a  flow  of  110  to  115  on  the 
30-inch  flow  table,  using  a  3^-inch  drop. 

Uniformity  of  the  quality  of  the  cement  used  through- 
out the  tests  was  indicated  at  one  year  as  at  28  days 


by  tests  of  1 :  2  Ottawa  sand  mortar  beams.  These 
mortar  tests  are  shown  m  Table  3  and  Figure  2,  and 
show  that  the  cement  was  of  satisfactory  uniformity. 

The  concrete  for  all  slabs  was  placed  in  the  forms, 
tamped  and  struck  off  with  a  straight  2  by  12  inch 
strike  board  worked  lengthwise  over  each  group  of 
five  slabs.  The  normal  finishing  consisted  of  belting 
lengthwise  over  the  slabs  with  an  8-inch  rubber  belt. 
The  Vibrolithic  concrete  was  covered  uniformly  with 
the  Frederick  limestone  of  2-inch  to  1-inch  size  at  the 
following  rate : 


Mix . 

l:lH:3i^ 

1:2:3H      1:2:4 

1:2:41^ 

Pounds  per  square  yard. 

50 

50              45 

40 

The  special  slatted  platforms  were  placed  on  this 
stone  and  the  vibrators  were  run  over  them,  according 
to  the  patented  process.  The  irregular  mortar  surface 
left  on  the  removal  of  the  platforms  was  smoothed  down 
with  a  long-handled  steel  float,  after  which  the  surface 
was  belted. 

CURING  OF  SLABS  AND  TRANSVERSE  BENDING  TESTS 

As  soon  as  their  hardness  would  permit,  all  slabs  were 
covered  with  wet  burlap,  kept  damp  until  the  following 
day  when  they  were  covered  with  damp  earth.  This 
earth  was  kept  damp  for  28  days,  after  which  it  was 
removed  and  the  slabs  for  testing  at  28  days  were 
broken. 

The  rest  of  the  slabs,  i.  e.,  the  one-year  specimens, 
were  left  on  the  originahsubgrade  during  the  remainder 
"of  the  year  and  were  covered  with  earth  and  kept  wet 
for  the  28  days  immediately  prior  to  testing  in  order 
that  the  concrete  in  all  the  specimens  should  be  in 
as  nearly  a  uniform  condition  of  moisture  as  possible 
at  the  time  of  the  test.  Figure  1  shows  the  appearance 
of  the  general  layout  of  the  test  sections  at  the  begin- 
ning of  the  one-year  tests. 

The  test  data  for  the  slabs,  as  given  in  Tables  1,  2,  and 
3,  were  obtained  under  practically  the  same  conditions 
as  the  data  which  appear  in  Tables  1,  2,  and  3  of  the 
28-day  report.'  The  testing  machine  provided  a  span 
of  60  inches  and  applied  the  load  at  the  third  points 
over  the  entire  width  of  the  slab.  The  load  was  applied 
by  means  of  a  hydraulic  jack  and  its  magnitude  was 
measured  by  the  deflection  of  a  pair  of  calibrated 
steel  beams.  The  load  causing  failure  was  the  sum  of 
three  components — the  load  appHed  by  the  jack,  the 
dead  load  of  the  knife  edges,  jack  and  calibrated  beams, 
concentrated  at  the  points  of  application,  and  the 
uniform  .distributed  load  of  the  slab  itself.  A  refine- 
ment in  computation  was  introduced  in  the  one-j'^ear 
tests,  however,  by  using  the  true  weight  of  each  speci- 
men in  determining  the  dead  load  due  to  the  slab  in- 
stead of  using  an  average  figure  for  normal  concrete 
and  another  average  for  Vibrolithic  concrete,  as  was 
done  previously  in  the  28-day  tests.  This  refinement 
resulted  in  a  very  small  difference  in  unit  stress  in  most 


1  See  Public  Roads,  vol.  7,  No.  2,  April,  192fi. 
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Table  1. — Summary  of  data  of  the  transverse  bending  tests  on  normal  concrete  slabs 


Depth 

Section 
modulus 

/ 

c 

Total 
load  at 
rupture 

Modulus  of  rupture 

Strength  ratio 

Tension  in  top 
Tension  in  bottom 

Varia- 
tion of 

Mix 

Slab 
No. 

Surface  in  tension 

Individ- 
ual slabs 

Averages 

individ- 
ual tests 

from 
average 
of  groups 

f      6 
9 
17 
18 
19 
7 
8 
10 
16 
20 
•    27 
29 
36 
38 
40 
26 
28 
30 
37 
39 
47 
49 
56 
58 
60 
46 
48 
50 
57 
59 
67 
69 
76 
78 
80 
66 
68 
70 
77 
79 

Top    _.. 

Inches 
6.28 
6.09 
6.24 
6.31 
6.29 
6.18 
6.21 
6.05 
6.22 
6.41 
6.29 
6.40 
6.12 
6.25 
6.45 
6.32 
6.29 
6.29 
6.18 
6.42 
5.90 
6.05 
6.05 
6.32 
6.22 
5.99 
6.00 
6.20 
6.19 
6.18 
5.99 
6.04 
6.01 
5.99 
6.01 
6.06 
6.01 
6.12 
6.00 
5.98 

Inches' 
240.6 
230.2 
241.6 
246.5 
245.0 
231.1 
233.7 
221.1 
253.1 
247.8 
245.0 
253.7 
226.4 
242.7 
253.2 
240.6 
239.6 
238.  7 
231.1 
249.0 
216.3 
227.3 
223.  3 
247.6 
236.1 
216.7 
218.2 
231.6 
232.2 
231. 1 
223.0 
227.0 
220.3 
223.0 
220.3 
221.4 
219.3 
225.8 
218.2 
217.6 

Pounds 
16, 334 
16, 904 
19, 126 
17, 876 
18, 153 
17, 470 
15,  356 
14,  610 
19,448 
17,  320 
15,302 
15, 468 
14, 482 

12,  672 

14,  723 
18,151 

15,  740 
15,745 

13,  010 

12,  988 

13,  645 

14,  253 

15,  648 
15, 862 
14,  624 
14,318 
13,  089 
13,476 
14,513 

12,  772 

13.  202 
13,569 
14.221 
13,  334 
12,  247 
14,518 
15,605 
11,855 
12,  040 
11,224 

Pounds 
per  sg.  in. 
679 
734 
792 
725 
741 
756 
657 
661 
792 
699 
625 
610 
640 
522 
.581 
754 
657 
660 
.563 
522 
599 
627 
701 
641 
6)9 
661 
600 
582 
625 
553 
592 
598 
646 
598 
556 
656 
712 
525 
552 
516 

Pounds 
per  sq.  in. 

1.029 
.945 
1.065 
1.010 

Per 

r  7.51 

0.0 
7.9 
1.2 
1.0 
6.3 
7.9 
7.3 
11.1 
2.0 
f  4.91 
2.3 
7.4 
12.4 
2.5 
19.5 
4.1 
4.6 
10.8 
17.3 
6.0 
1.6 
10.0 
0.6 
2.8 
9.4 
.7 
3.6 
3.5 
8.4 
1.0 
0.0 
8.0 
0.0 
7.0 
10.8 
20.3 
11.2 
6.8 
I12.8 

:ent 

1:11-^:3 

do 

do 

734 
[713 

723 

3.5 

do 

do 

do. 

do  

6.9 

Top 

[596] 

[513 
•631 

337 

[620 
604 

■598 

•595 
592I 

do._ 

do 

do         

>5.9 

do 

1:2:3 -- -- 

Bottom  __     _                  _      .. 

do _ 

do 

do 

do 

Top    

U.S 

do 

do         

■  4  ? 

do 

1:2:31^ 

do __.. 

do 

do 

Top_ 

■5.1 

do 

do 

■3.2 

Bottom  

do 

do 

Top 

12.4 
4   % 

Bottom 

Table  2. — Summary  of  data  of  the  transverse  bending  tests  on  Vibrolithic  concrete  slabs 


Mi.x 


Slab 
No. 


1 :  i'A 


1:2:314. 


1:2:4. 


1:2:4^^. 


Average. 


Surface  in  tension 


]  Section 
„  ,  !  modulus 
Depth    !        / 


Top. 

do 

do 

do 

do 

Bottom 

do 

do 

do 

do 

Top 

do. 

do 

do.. 

do 

Bottom 

do 

do 

do.. 

do 

Top 

do 

do 

do .*.... 

do 

Bottom 

do 

do 

do 

do 

Top 

do 

do 

do 

do 

Bottom 

do 

do 

do 

do 

Top 

Bottom 


Inches 
6.18 
6.28 
6.02 
6.19 
6.02 
6.24 
6.26 
6.25 
6.00 
6.12 
6.12 
6.54 
6.14 
6.18 
6.20 
5.92 
6.22 
6.28 
6.20 
6.09 
5.98 
.5.86 
6.28 
6.12 
6.12 
6.18 
6.02 
5.91 
6.14 
6.22 
6.11 
6.39 
6.12 
6.11 
6.12 
6.20 
6.21 
6.29 
6.01 
6.11 


Inches' 
237.2 
244.6 
221.5 
237.6 
221.5 
234.6 
237.  0 
233.  4 
218.2 
226.8 
232.8 
264.5 
230.2 
237.2 

*  234. 7 
212.6 
234.0 
237.  6 
232.6 
225.0 
222.0 
217.0 
240.6 
232.8 
228.7 
230.2 
220.4 
211.1 
228.2 
234.0 
23L7 
252.6 
228.7 
231.7 
228.7 
231.6 
233.7 
230.9 
219.3 
226.  4 


Total 
load  at 
rupture 


Pounds 
20.  709 

19.  706 
21, 460 

20,  689 

19.  552 
22.  077 
22,  852 

20,  949 
22,  800 
20,  889 
17,  335 

17,  987 
15,  914 

19,  241 
15,  628 

18,  758 
21, 369 

20,  505 

17,  297 

18,  582 
15,  970 
15,  225 
18, 115 
17,486 
16,504 
17, 101 
17,5.51 
15,  986 
18, 146 
17,176 
13, 927 

14,  277 

13,  532 

15,  256 

14,  944 
18,783 
15,915 

16,  932 
16,  293 

15,  658 


Modulus  of  rupture 


Individ- 
ual slabs 


Pounds 
per  sq.  in. 
873 
806 
969 
871 
883 
941 
964 
897 
1,  045 
921 
745 
680 
691 
811 
066 
882 
913 
863 
744 
826 
719 
713 
753 
751 
722 
743 
796 
757 
795 
734 
601 
565  i 
592 
6,58 
653 
811 
681 
7.30 
743 
691 


Average 


Pounds 
per  sq.  in. 


917 


^954) 


782 


846J 


7321 


765 


673 


731 


Varia- 

Strength ratio 

tion  of 

individ- 

Tension in  top 

ual  tests 
from 

Tension  in  bottom 

of  groups 

Per  ceiU 

1  0.8 

8.4 

10.  n  4. 1 

1.0 

0.922 

■  3j 
1.41 

1.0 

6.0s  4.5 

9.5 

3.5 

f  3.61 

,5.4 

3.9^  6.6 

12.8 

0.850 

7.4J 
4.3 

7.9 

2.0^5.7 

12.1 

2.4 

1.8 

2.6 

2.  9>  2.3 

2.6 

0.957 

L4 
2.9 

4.1 

i.n[  3.2 

3.9 

0.840 


3.  6^ 
7.2 
6.4) 
10.91 
6.8 
0.  U 
L6 
5.5 


5.5 


5.0 


4.6 
4.5 
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II 
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±±±it 

2  3 
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12  35 


CONSISTENCY 
FLOW  TABLE 


WATER 
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RATIO 


RATIO 
CEMENT  TO 
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BY  WEIGHT 
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OF 
RUPTURE 

OF 
CONCRETE 


"¥"■" 

\l 

\  \  ft 

f  E 

tbtti 


TENSION- 
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flN    TOP. 


SLAB  NOS. 
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LEGEND 


l. 

J   ll 

-    —     -    —     r    — .  :r  ~.  : 

1      11     21    31     41     51     61    71 
TO    TO   TO  TO    TO  TO    TO  TO 
5     IS    25  35    45   55    55   75 

hl^J^    12  3^      1  2  4     12  h'l 
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28  DAYS    _- 


o 
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2 

r» 
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a) 

rr 
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a. 

in 

o 

7" 

800 

-3 

CI 

O- 

/bO 

UJ 

-> 

700 

1- 

n 

■Ji 
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li- 

o 

600 

550 
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./ 

l:2:3i 

1 

p^3 

1:2:3 

1 

•'l  2  4 

15       .16       .17 


.19       .20     .21    .14 


ratio  of  cement  to  aggregate  by  weight 

Fig.    3. — Average    Modulus    of    Rupture    Compared 
WITH  Cement-aggregate  Ratio 

Table  3. — Summary  of  all  test  data  by  groups  on  normal  and 
Vibrolithic  concrete 


Fig  2. — Results  of  Tests  of  Normal  and  Vibrolithic 
Concrete  and  Mortar  Briquettes  and  Beams 

cases.  Figure  2  gives  essentially  the  same  data  as 
shown  in  Table  3  and  in  addition,  however,  the  averages 
of  the  28-day  test  data  are  indicated  by  horizontal 
dotted  lines. 


MODULUS  OF  ELASTICITY  DETERMINED  FROM  DATA  SECURED  IN 
BENDING  TEST 

At  the  same  time  that  the  one-year  tests  were  made 
certain  slabs  were  selected  for  determination  of  the 
maximum  unit  fiber  deformation  and  modulus  of  elas- 
ticity. This  was  done  by  means  of  graphic  strain 
gauges^  set  0.25  inch  from  the  surface  of  the  slab 
between  suitable  gauge  points.  The  gauges  were  placed 
at  the  top  and  bottom  at  each  edge  of  the  slab  at  the 
center  of  the  span.  Readings  of  these  four  gauges  for 
progressive  increments  of  load  were  the  basis  of  com- 
putations of  unit  fiber  deformations  which  were  plotted 
with  the  computed  unit  fiber  stresses.  The  initial 
modulus  of  elasticity  was  determined  from  these  graphs. 
Figure  4  shows  a  typical  graph  of  these  data.  Two 
slabs  of  each  mix  for  both  methods  of  finishing  were 
tested  in  this  manner,  one  being  tested  with  the  finished 
side  in  tension  and  the  other  with  the  subgrade  side 
in  tension.  The  values  thus  obtained  are  given  in 
Table  4. 

•GOLDBECK,   A.  T.,  POCKET  STRAIN  GAUGE   GIVES  STRESSES  IN  CONCRETE  ROADS 

Engineering  News-Record,  Mar.  29, 1923 


Finish 

Normal  concrete 

Mix            

1:1^2:3 

1:2:3             1:2:3H 

1:2:4 

Slab  Nos.,  inclusive 

6  to    le  to 
10         20 

26  to 
30 

36  to 
40 

46  to 
50 

56  to 
60 

66  to 
70 

76  to 

80 

Tension    in    top    at  rupture, 
pounds  per  square  inch 

Tension  in  bottom  at  rupture, 
pounds  per  square  inch 

Ratio  of  cement  to  aggregate  by 

707  1     753 

691  1     746 

0.205 
0. 73     0. 75 

618       581       613       654 

690       643  :     614       589 

0. 184        :        0. 168 

595 

631 

0.1 
0.88 
113 

793 

600 
534 
54 

0.85 
113 

829 

0.87  1  0.90  1  0.85 
115  1     113       112 

842       802       818 

0.9.5 

Consistency,  flow  table 

Modulus  of  rupture,  pounds  per 
square  inch,  1:2  mortar  using 
Ottawa  sand        _  - 

110 
809 

110 
864 

111 
810 

149.3 

1 

148. 6        1        150. 1 

1            1 

149.9 

1 

Vibrolithic  concrete 

Mix            -- 

1:1H:3K 

1:2:3>^ 

1:2:4 

1:2:4H 

lto5 

11  to 
15 

21  to 
25 

31  to 
35 

41  to 
45 

51  to 

55 

61  to 
65 

7rto 

75 

Tension   in   top   at   rupture, 
pounds  per  square  inch 

Tension  in  bottom  at  rupture, 
pounds  per  square  inch 

Ratio  of  cement  to  aggregate  by 
weight           - 

840 

934 

0. 

0.74 

112 

809 

908 

983 

185 
0.77 
108 

864 

713 

886 

0. 

0.86 

111 

829 

723 

785 

168 
0.88 
HI 

842 

716 

765 

0. 

0.92 

110 

802 

742 

765 

154 
0.88 
112 

818 

583 

741 

0. 

0.96 

113 

793 

635 
717 
143 

Water-cement  ratio 

1.01 
112 

Modulus  of  rupture,  pounds  per 
square  inch  1:2  mortar  using 

810 

Weight  per  cubic  foot     

155.2 

152.9 

153.0 

152.6 

COMPRESSION  TESTS  MADE  ON  FROZEN   AND  UNFROZEN  CORES 
FROM  SLABS 

Cores  were  drilled  from  the  fragments  of  28-day 
specimens  at  about  six  months  for  compression  tests 
and  for  alternate  freezing  and  thawing.  Results  of 
these  tests  warranted  the  drilling  of  more  cores  from 
the  one-year  slabs  and  a  repetition  of  the  comparative 
compression  and  freezing  tests.  The  cores  were  taken 
with  a  Calyx  core  drill  and  were  6  inches  in  diameter 
and  approximately  6  inches  high. 

Shortly  after  the  28-day  slab  cores  were  drilled,  an 
absorption  test  was  made  on  each  one.  They  were 
dried  in  an  oven  at  about  80°  C,  cooled,  weighed, 
immersed  in  water  for  48  hours  at  40°  C.  and  again 
weighed.  The  results  of  these  determinations  are  given 
in  Table  5. 
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Table  4. — Modulvs  of  elasticity  determined  by  the  transverse  btHd- 
ing  of  slabs  and  by  the  compression  of  drilled  cores  ' 


Normal 

Vibrolithic 

Mix 

Slabs 

Cores 

Mix 

Slabs 

Cores 

No. 

Modulus 

No.  1  Modulus 

i 

No. 

Modulus 

Nc. 

Modulus 

1:1H:3-- 

6 
16 

Pounds 
per  sg.in. 
3, 550, 000 
3, 850, 000 

6 
10 

18 

'28' 
29 
39 

'50' 
59 
60 

'69' 
70 
80 

Pounds 
per  sq.  in. 
3, 200, 000 
5, 020, 000 
4, 500, 000 
4, 240, 000 
4,  640,  000 
4,  720, 000 
3,860,000 
4, 410, 000 
5, 280,  000 
3, 080, 000 
3, 380,  000 

3,  913,  000 

4,  720, 000 
6, 000, 000 

5,  620, 000 
5, 447, 000 

1:1H:3H- 

Average 
1:2:3M- 

Average 
1:2:4.... 

Average 
1:2:4M- 

Average 

|J 

Pounds 
ner  so.  in. 
5,  040,  000 
5,  250, 000 

"2 
11 

'21' 
31 
32 

'42' 
43 
55 

'ei' 

62 
71 

Pounds 

per  sq.  ^n. 
5, 980, 000 
5, 260, 000 
6,  944,  000 

Average 
1:2:3 

'(26' 
36 

3, 700, 000 
4, 310, 000 
3,320,000 

(25' 

5, 140, 000 
3, 830, 000 
4, 340, 000 

6, 061,  000 
2,  960, 000 
4,  500, 000 
3, 470,  000 

Average 
1:2:3>^... 

I... 

'(46" 
«6 

3, 810, 000 
3, 100, 000 
4, 150, 000 

(45" 
]55 

4, 080, 000 
4. 420, 000 
2, 920, 000 

3,  985,  000 

4,  400,  000 

5,  930,  000 
4,  100,  000 

Average 

1:2:4 

Average 

|76 

3, 620, 000 
4, 680, 000 
2, 970, 000 

65' 
75 

3, 675, 000 
4, 700, 000 
3, 630, 000 

4,  810,  000 
5, 600, 000 
4, 300, 000 
4, 410, 000 

3,820,000 

4,160.000 

4, 770, 000 

I  Of  the  normal  group  slabs  16,  26,  46,  and  66  were  tested  with  the  bottom  smface  in 
tension  and  slabs  6, 36,  56,  and  76  were  tested  with  the  top  surface  in  tension.  Of  the 
"Vibrolithic  group  slabs  5, 25, 45,  and  65  were  tested  with  the  bottom  surface  in  tension 
and  slabs  15,  35,  65,  and  75  were  tested  with  the  top  surface  in  tension. 
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Table  5.' 


-Absorption  tests  on  normal   and  Vibrolithic  concrete  a 
age  of  7  months 


Normal 

Vibrolithic 

Mix 

Slab 
No. 

Absorp- 
tion 

Average 
absorp- 
tion 

Mix 

Slab 

No. 

Absorp- 
tion 

Average 
absorp- 
tion 

1:1H:3.- 

1:2:3 

1:2:334 

1 

1:2:4 

88 
89 
99 
100 

"lis" 

119 
167 
169 

"128" 
129 
138 
140 

"149" 
150 
168 
160 

Per  cent 
3.3 
3.5 
2.8 
3.2 
4.4 
4.8 
4.4 
6.1 
2.0 
L3 
L7 

.9 
1.1 
4.0 
1.0 
1.8 
3.3 
L8 
L6 
L6 

.9 
3.9 

.8 
3.9 
3.7. 

.9 
L4 
1.2 
2.5 
LI 
2.4 
2.4 

Per  cent 
4.1 

1.7 

2.2 

2.0 

2.5 

V.VA-.ZVi.... 

l:2:3H 

1:2:4 

l:2:4K. 

83 
84 
91 
93 

"iii" 

112 
163 
164 
"122" 
123 
131 
133 

■"iii" 

142 
151 
153 

Per  cent 
3.1 
3.6 
L8 
1.1 
2.4 
2.4 
4.1  1 
1.3 
2.6 
2.7 
3.2 
1.0 
3.3 
3.9 

.9 
LO 
4.3 
4.2 
2.4 
1.4 
4.0 
LO 
4.6 
3.0 
LO 
4.4 

.8 
LI 

.9 
3.1 

.7 
LI 

Per  cent 
2.5 

2.3 

3.1 

L6 
2.4 

1 

In  the  first  series  of  freezing  tests,  three  cores  of 
each  mix  of  both  normal  and  Vibrolithic  concrete  were 
immersed  in  water  in  containers  and  surrounded  by 
brine  at  approximately  -12°  C.  When  frozen  solid 
the  containers  were  removed  from  the  brine  and  per- 
mitted to  thaw.  After  10  alternations  of  such  freez- 
ing and  thawing,  all  of  the  specimens  showed  disinte- 
gration so  they  were  thawed  out,  capped  and  tested 
in  compression. 

In  the  second  series  of  freezing  tests  the  specimens 
were  kept  saturated  but  not  immersed  during  freezing. 
This  change  was  made  as  an  experiment,  as  it  was 
thought  that  the  rapid  disintegration  in  the  first  test 
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UNIT  STRAIN -INCHES  PER   INCH 

4. — Typical    Stress-strain    Curves    from     the 
Transverse  Bending  Tests 


might  be  partially  due  to  the  expansion  of  the  sur- 
rounding ice  during  freezing. 

Unfortunately,  due  to  leakage  that  occurred  in  some 
of  the  containers  during  the  course  of  these  later  tests, 
brine  entered  some  of  the  containers  and  came  in  con- 
tact with  the  lower  end  of  some  of  the  cores.  It  was 
impossible  to  determine  with  certainty  which  of  the 
specimens  had  been  exposed  to  the  brine  so  that  the 
effect  of  such  exposure  is  not  known.  In  view  of  this, 
none  of  the  data  obtained  is  above  suspicion  and  is  not 
included.  However,  even  with  this  uncertainty  ad- 
mitted it  can  be  said  that  it  took  approximately  twice 
as  long  to  produce  disintegration  by  this  method  of 
freezing  as  by  the  first  method. 

The  cores  which  were  not  frozen,  of  which  there  were 
five  in  the  first  series  for  each  mix  and  kind  of  concrete, 
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were  left  in  the  field  near  the  slabs  from  which  they 
were  drilled  until  they  were  about  123^  months  old,  at 
which  time  they  were  prepared  for  testing  by  immersing 
until  a  uniform  condition  of  moisture  was  obtained. 
From  the  one-year  slabs,  three  cores  of  each  mix  and 
kind  were  drilled,  capped,  and  saturated  with  water 
and  tested  at  the  age  of  17  months.     Tables  6  and  7 


Table  6. — Compression  tests  on  6  by  6  inch  cores  drilled  from 
normal  and  Vibrolithic  concrete  at  age  of  IS  months 


Normal  concrete  cores 


Mix 


1:1^:3- 


1:2:3--. 


1:2:3H- 


1:2:4 

Average- 


Slab 
No. 


Load  at 
failure 


Pounds 
persq.  in. 
5,527 
5,340 
4,985 
3,707 
4,788 
4,377 
5,382 
.  5, 264 
•  5, 620 
5,280 
4,360 
4,378 
5,710 
3,823 
5,578 
5,477 
4,478 
4,711 
1  5,  780 
5, 670 


Average 
load  at 
falure 


Pounds 
persq.in. 


5,185 

4,770 

5,223 
5,012 


Vibrolithic  concrete  cores 


Mix 

Slab 

Load  at 

No. 

failure 

Pounds 

persq.in. 

83 

4,800 

84 

5,580 

1:1H:3K— - 

84 

4,882 

91 

4,580 

93 

5,391 

111 

5.142 

112 

5,673 

1:2:3^ 

112 

4,856 

163 

5,370 

164 

1  5, 570 

122 

3,768 

123 

5,381 

1:2:4 

123 

4,640 

131 

4,561 

133 

3,988 

141 

4,400 

142 

5,259 

1:2:4H 

151 

4,600 

153 

5,225 

163 

5,014 

Average- 

Average 
load  at 
failure 


Pounds 
per  sq.in. 

5,047 


5,322 


4,468 


4,900 
4,934 


1  Total  load  over  200,000  pounds. 

Table  7. — Compressive  strength  of  6  by  6  inch  drilled  cores  after  10 
alternations  of  freezing  and  thawing  at  age  of  8  months 


\ 

Normal  concrete  cores 

Vibrolithic  concrete  cores 

Mix 

Slab 
No. 

Load  at 
failure 

Average 
load  at 
failure 

Mix 

Slab 
No. 

Load  at 
failure 

Average 
load  at 
failure 

\ 

1:1M:3 

1:2:3. .....— 

1:2:3H 

1:2:4        

88 

\    89 

100 

f  167 

\  169 

119 

(  128 

{  129 

138 

149 

150 

158 

Pounds 
per  sg. in. 
2,730 
3,010 
2,220 
2,850 
4,840 
2,590 
4,020 
3,680 
2,985 
2,190 
4,470 

Pounds 
persq.in. 

2,653 
3,427 

•  3, 562 

•  3,645 

l:li^:3H— - 

1:2:31^ 

1:2:4 

1:2:4}^ 

f    83 
91 
93 

111 
\  163 
I  164 

122 
.  131 

133 

141 
\   142 

Pounds 
persgin. 
2,025 
2,735 
1,380 
4,380 
2,842 
5,410 
2,475 
4,275 
1,396 
2,770 
3,970 
5,340 

Pounds 
persq.in. 

2, 047 

4,211 

2, 715 

I       4, 027 

4,275 

3,322 

1  151 
Average 

3,250 

Table  8. — Compression  tests  on  6  by  6  inch  drilled  cores  from 
normal  and  Vibrolithic  concrete  at  age  of  17  months 


Normal  concrete  cores 

Vibrolithic  concrete  cores 

Mix 

Slab 
No. 

Load  at 
failure 

Average 
load  at 
failure 

Mix 

Slab 
No. 

Load  at 
failure 

Average 
load  at 
failure 

1:1^:3 

1:2:3 — - 

[      9 
\    10 

18 
28 

\    29 
39 
50 

i     59 
60 
69 

\    70 

I    80 

Pounds 
persq.in. 
5,593 
4,993 
5,790 
5,849 
5,770 
5,067 
5,059 
4,492 
5,783 
4,536 
3,262 
5,136 

Pounds 
persq.in. 

i      5,459 

5, 562 

i      5,111 

I      4,311 
5,111 

1:1K2:3H— - 

1:2:31^ 

1:2:4 - 

1:2:4M 

Average 

1 

\      2 

11 

21 

i    31 

I    32 

42 

\    43 

55 

61 

i    62 

71 

Pounds 
persq.in. 
5,465 
5,496 
7,004 
5,728 
4,809 
5,320 
5,105 
4,573 
5,306 
5,490 
4,378 
4,451 

Pounds 
persq.in. 

5,988 
■       5, 286 

1:2:3H 

1:2:4 

4, 995 
4,  773 

5,261 

give  the  test  results  on  the  unfrozen  and  frozen  speci- 
mens, respectively,  while  in  Table  8  are  shown  the 
data  from  the  compression  tests  at  17  months. 

As  a  check  on  the  modulus  of  elasticity  of  the  con- 
crete in  the  slabs  as  determined  by  the  strain  gauge 
measurements,  tests  to  determine  the  modulus  of  elas- 
ticity in  compression  were  made  on  each  of  the  un- 
frozen cores  from  the  one-year  slabs  prior  to  compres- 
sion test.  This  was  done  by  means  of  a  mirror  exten- 
someter  ^  and  the  results  are  given  in  Table  4  where  a 
comparison  may  be  readily  made. 
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Fig.  5. — Diagram  Showing  Increase  in  Modulus  of  Rup- 
ture FROM  28  Days  to  One  Year  for  Various  Mixes  of 
Normal  and  Vibrolithic  Concrete 

It  was  thought  that  if  the  true  section  modulus  of 
the  slabs  could  be  determined  for  those  slabs  which  were 
honeycombed  (for  a  discussion  of  the  causes  of  honey- 
combing see  the  report  on  the  28-day  tests)  the  com- 
puted strength  would  be  more  nearly  the  true  average 
than  when  determined  by  the  section  modulus  computed 
for  a  solid  area.  To  study  this  effect  half-size  drawings 
of  the  broken  section  of  the  slabs  in  question  were  made 
by  two  observers  working  independently,  and  the  areas 
of  doubtful  density  carefully  measured  and  located  on 
the  sketch.  These  are  shown  in  Figure  6,  the  cross  sec- 
tions being  shown  in  the  position  in  which  they  were 
tested. 

The  area  of  these  spaces  and  their  distance  from  the 
neutral  axis,  the  location  of  which  was  determined  by  a 
mechanical  integrator  for  this  part  of  the  study,  fur- 
nished data  for  a  correction  of  the  moment  of  inertia 
of  the  slab.  Thirty-three  of  the  most  noticeably 
honeycombed  specimens  of  both  types  of  concrete 
were  selected  for  investigation,  and  the  results  of  the 
stress  computations,  although  not  published  with  this 
report,  are  discussed  later. 

TEST  data  discussion 

A  study  of  Figure  2  shows  some  interesting  relation- 
ships between  slab  strength,  water-cement  ratio,  con- 
sistency, and  unit  weight.  As  the  water-cement  ratio 
increases  the  slab  strength  decreases  and  the  corre- 
sponding changes  are  in  accord  with  the  generally 
accepted  theory  in  regard  to  this  ratio.  In  the  normal 
slabs,  the  richest  mix  with  relatively  high  strength  has 

!  Johnson   A    N    direct  meastjrement  of  poisson's  ratio  for  concrete. 
Proceedings  A.  S.  T.  M.,  vol.  24,  Part  II,  p.  1024.     1924. 
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Fig.  6. — Areas  of  Questionable  Density  in  Test  Slabs, 
AS  Averaged  from  the  Sketches  of  Two  Independent 
Observers.  The  Slabs  Are  Shown  in  the  Position  in 
Which  They  Were  Tested 

a  water-cement  ratio  of  about  0.74.  The  remaining 
three  mixes  are  comparatively  close  on  strength  and 
the  water-cement  ratios  are  0.86,  0.87  and  0.91  which, 
from  the  standpoint  of  practical  application  are  not 
greatly  different.  In  the  Vibrolithic  specimens,  the 
range  in  strength  is  greater  as  is  also  the  range  in  water- 
cement  ratio. 

In  comparing  the  consistencies  it  should  be  repeated 
that  the  concrete  was  mixed  with  the  intention  of 
having  a  flow  of  110  to  115.  This  average  was  main- 
tained with  the  exception  of  the  1  :  Ij^  :  33^  concrete 
used  for  slabs  11  to  15,  inclusive.  Here,  in  spite  of  a 
slightly  higher  water-cement  ratio  the  slab  strength  is 
greater  than  the  corresponding  slabs  1  to  5.  A  similar 
condition  is  evident  between  the  1:2:3  and  1  :  2  :  3J^ 
mixes  of  normal  concrete.  It  may  be  that  the  meas- 
ured consistency  is  more  nearly  an  index  of  the  actual 
water-cement  ratio  in  the  mixed  concrete  than  can  be 
obtained  from  a  computation  using  the  amount  of 
water,  moisture  in  the  sand  and  volume  of  cement 
introduced  into  the  mixer  drum.  High  temperatures 
existing  at  the  time  these  slabs  were  laid  probably 
caused  an  unusually  high  rate  of  evaporation  with 
consequent  lower  water-cement  ratio  and  dryer  con- 
sistency. 

The  unit  weight  determinations  (Table  3)  show  that 
tlie  addition  of  top  stone  in  the  Vibrolithic  slabs 
resulted  in  a  concrete  of  higher  weight  per  cubic  foot. 

The  quality  of  the  cement  as  indicated  by  tests  of 
the  1  :  2  mortar  beams  at  one  year  was  quite  uniform, 
the  maximum  variation  from  average  strength  being 


5.2  per  cent  and  the  average  was  2.2  per  cent.  The 
test  beams  were  2  inches  wide,  3  inches  deep  and  18 
inches  long,  and  were  tested  on  a  15-inch  span  with 
center  loading.     Five  specimens  constituted  a  set. 

STRENGTH  OF  VIBROLITHIC  AND  NORMAL  CONCRETE  SLABS  COM- 
PARED 

The  above  discussion  refers  merely  to  the  concord- 
ance of  the  slab  strengths  with  other  data  relating  to 
the  mixtures.  A  comparison  of  the  normal  concrete 
with  the  Vibrolithic  concrete  may  be  made  from 
Figure  2  or  Table  3,  but  is  more  readily  seen  by  refer- 
ring to  the  dotted  average  curves  in  Figure  3.  Con- 
sidering first  the  strengths  obtained  for  equal  quanti- 
ties of  cement  per  unit  volume  of  aggregate,  the  ordi- 
nates  corresponding  to  the  abscissa  0.154  representing 
a  1:2:4  normal  concrete  shows  Vibrolithic  concrete 
to  be  approximately  123  per  cent  of  the  normal  concrete 
strength  and  in  the  richer  mix  at  0.184  the  strength 
ratio  is  about  143  per  cent.  The  corresponding  ratios 
on  the  28  day  curves  of  Figure  3  are  approximately 
120  per  cent  and  117  per  cent,  respectively. 

A  more  practical  comparison  is  that  showing  the 
amount  of  cement  required  to  give  equal  strength. 
Taking  a  modulus  of  rupture  of  700  pounds  per  square 
inch  for  the  comparison,  the  cement-aggregate  ratio  for 
Vibrolithic  concrete  is  about  0.148  and  for  normal 
concrete  is  0.201,  an  increase  of  about  36  per  cent  in 
cement  requirement  for  the  normal  concrete.  Or, 
expressed  as  a  percentage  of  the  normal  requirement 
for  concrete,  the  Vibrolithic  concrete  is  equal  in  strength 
when  74  per  cent  of  the  cement  required  for  normal 
concrete  is  used.  For  a  modulus  of  rupture  of  600 
pounds  per  square  inch  at  28  days,  the  corresponding 
figures  were  19  per  cent  and  84  per  cent. 

With  respect  to  the  relation  between  the  tensile 
strength  of  the  concrete  in  the  top  and  in  the  bottom 
surfaces  of  the  slabs  of  the  two  types,  it  will  be  noted 
that  a  change  occurred  between  the  28-day  and  the  1- 
year  tests.  The  earlier  tests  showed  that  in  normal 
concrete  the  tensile  strength  in  the  bottom  of  the  slab 
was  only  87.7  per  cent  of  that  in  the  top  and  in  Vibro- 
lithic concrete  it  was  98  per  cent.  At  one  year, 
however,  the  resistance  to  tension  in  the  bottom  of  the 
normal  concrete  specimens  was  99  per  cent  of  that  in 
the  top,  whereas  in  the  Vibrolithic  concrete  the  resist- 
ance to  tension  in  the  bottom  is  112  per  cent  of  that  in 
the  top.  In  other  words,  although  the  resistance  to  ten- 
sion in  the  bottom  of  the  normal  concrete  slabs  was 
considerably  less  than  for  the  top  of  the  slabs  at  28 
days,  the  results  at  one  year  show  practically  equal 
strength  in  top  and  bottom.  The  Vibrolithic  concrete 
which  shSwed  practically  equal  resistance  to  tension 
in  top  and  bottom  at  28  days  was  considerably  stronger 
in  tension  in  the  bottom  fibers  than  in  the  top.  A  pos- 
sible explanation  of  the  more  rapid  growth  in  strength 
of  the  bottom  of  the  slabs  than  occurred  in  the  top  for 
both  normal  and  Vibrolithic  is  that  the  bottom  being 
next  to  the  subgrade  had  more  water  readily  available 
for  continuous  hydration  of  the  cement  than  the  top 
which  was  exposed  to  the  drying  effect  of  the  atmosphere 
for  a  period  of  10  months. 

EFFECT  OF  HONEYCOMBING  DISCUSSED 

The  above  comparisons  are  based  on  the  averages  of 
all  specimens  tested  even  though  some  varied  consider- 
ably from  the  average.  The  majority  of  the  specimens 
showing  a  considerable  variation  were  above  the  average 
strength  and,  as  will  be  brought  out  in  later  discussion, 
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it  is  probable  that  the  strengths  obtained  are  generally 
as  accurate  an  indication  of  the  strength  of  these 
slabs  as  those  of  apparently  more  consistent  strength. 
These  values,  therefore,  have  been  included  in  the 
average  just  as  was  done  in  the  report  of  28-day  tests. 
Except  for  three  or  four  of  the  normal  concrete  slabs 
which  were  tested  with  tension  in  the  bottom,  the  per- 
centage variation  in  both  normal  and  Vibrolithic 
specimens  averages  about  the  same,  indicating  fairly 
satisfactory  agreement  in  the  slab  tests  as  a  whole. 
It  also  indicates  that  the  product  of  either  the  Vibro- 
lithic process  or  hand  finishing  is  reasonably  uniform 
in  this  investigation  except  for  the  few  instances  noted. 

In  the  report  of  the  earlier  tests  it  was  pointed  out 
that  those  slabs  whose  cross  sections  were  reduced  by 
void  spaces,  or  honeycombing  in  general,  showed  the 
lower  modulus  of  rupture  values.  This  same  condition 
exists  in  the  one-year  specimens,  as  may  be  seen  in  the 
outline  drawings  of  the  sections  in  Figure  6.  These 
outlines  are  the  average  result  of  independent  sketches 
by  two  observers,  and  are  not  claimed  to  be  exact,  the 
solid  portions  merely  representing  areas  of  questionable 
density.  They  serve,  however,  to  assist  in  explaining 
some  of  the  apparently  erratic  slab  strengths  seen  in 
Tables  1  and  2. 

For  example,  slabs  Nos.  8  and  10  exhibit  relatively 
greater  honeycombing  in  the  bottom  than  do  Nos.  7  or 
20,  and  the  strengths  of  Nos.  8  and  10  are  lower  than 
in  the  other  two.  Slab  No.  16  showed  the  highest 
strength  in  this  group  tested  with  bottom  in  tension, 
and  in  fact,  is  equal  to  No.  17  which  is  apparently 
quite  dense,  yet  inspection  reveals  the  highest  percent- 
age of  voids  in  any  of  the  l:l}/^:'i  normal  concrete 
slabs.  This  inconsistency  might  be  considered  suffi- 
cient reason  to  exclude  it  from  the  average. 

In  the  1:2:3  concrete  slabs  No.  39  is  the  only  speci- 
men which  seems  to  be  seriously  honeycombed  and  it  is 
seen  has  the  lowest  strength  of  this  group.  Slab  No.  37 
is  sufficiently  porous  to  be  mentioned  and  is  the  next 
lowest  in  modulus  of  rupture.  An  inconsistency  exists 
in  this  group  also,  slab  No.  38  showing  as  low  a  strength 
as  any  but  being  apparently  quite  dense. 

The  next  group,  1:2:  3  H  normal  concrete,  has  slabs 
Nos.  50,  48,  47,  46,  and  59  noticeably  honeycombed. 
No.  46,  which  shows  the  highest  strength  of  those  tests 
with  the  bottom  in  tension,  exhibits  a  fair  amount  of 
void  space  at  the  bottom  and  might  be  considered 
somewhat  inconsistent.  The  other  specimens  are 
fairly  well  in  accord  with  respect  to  strength  and 
apparent  density. 

The  leanest  o'f  the  normal  concrete,  which  might  be 
expected  to  be  less  dense  than  the  rest,  is  considerably 
honeycombed  in  slabs  Nos.  70,  77,  78,  79,  and  80.  Of 
the  slabs  mentioned.  No.  79  is  the  lowest  in  strength. 
No.  70  is  nearly  as  low,  and  No.  78  has  a  strength  equal 
to  the  average  of  the  group.  Slabs  Nos.  80  and  77  are 
below  the  average  of  the  group.  No.  76  which  was 
fairly  dense  shows  quite  high  strength,  as  does  also  No. 
68  which  has  only  a  thin  line  of  questionable  area  on 
its  lower  face. 

In  tKe  Vibrolithic  concrete  specimens  very  Httle 
difference  in  densitv  is  noticeable  until  slab  No.  32  of 
the  1 :  2  :  33^  mix  is  reached.  This  slab  is  the  lowest  m 
strength  of  those  tested  with  tension  in  the  bottom. 
With  the  exception  of  this  slab,  it  will  be  noticed  m 
the  I:  1}4  :  3p2  and  1:  2  :  3K  mixes  that  the  highest 
percentage  variations  from  the  average  are  due  to 
strengths  greater  than  the  average. 


The  1:2:4  mix  is  not  so  uniform  in  density,  especialh'' 
Nos.  41  and  55.  The  effect,  however,  of  this  condition 
is  not  great  and  several  inconsistencies  could  be  pointed 
out  but  the  maximum  percentage  variation  in  this 
group  being  only  4.1  per  cent,  the  slabs  are  probablj' 
typical  and  the  results  reasonably  correct.  It  is  most 
readily  apparent  in  this  group  that  the  Vibrolithic  pro- 
cess tends  to  move  the  void  spaces  upward,  which 
removes  these  less  dense  areas  from  the  region  of  the 
maximum  stress.  This  characteristic  of  Vibrolithic 
concrete  was  pointed  out  in  the  report  of  tests  on  28-day 
specimens. 

The  next  group  of  slabs  is  of  1 :  2  :  43^  mix  and  is 
quite  inconsistent  with  regard  to  the  density-strength 
comparison.  More  specifically.  No.  64  exhibits  prac- 
tically no  voids  but  has  low  strength,  and  No.  61,  which 
seems  to  be  badly  honeycombed,  had  the  highest 
strength  of  the  group.  Nos.  63  and  74  have  compara- 
tively large  areas  of  poor  density  and  are  also  compara- 
tively low  in  strength.  Further  comparisons  of  a  less 
striking  nature  may  be  made  which  would  be  essentially 
the  same  as  those  given  above. 

MODULUS  OP  RUPTURE  AT  28  DAYS  AND  ONE  YEAR 

The  change  m  the  modulus  of  rupture  of  the  various 
groups  of  slabs  from  28  days  to  one  year,  as  shown  in 
Figure  5,  is  also  of  interest.  As  an  indication  of  the 
growth  m  strength  of  the  concrete,  the  average  of  all 
one-year  strength  tests  of  normal  concrete  specimens 
was  compared  with  the  average  of  ah  of  the  28-day 
normal  specimens  and  found  to  be  about  10  per  cent 
greater.  Similar  comparison  of  the  Vibrolithic  con- 
crete shows  the  one-year  specimens  to  average  about 
23  per  cent  greater  than  the  28-day  specimens.  The 
increase  in  strength  of  the  various  mixes  is  also  shown 
in  Figure  3. 

The  water-cement  ratio  was  slightly  higher  for  the 
specimens  for  the  1-year^tests  than  it  was  for  those  for 
the  28-day  tests.  The  average  difference  was  an 
increase  of  0.85-0.81  =  0.04  for  the  normal  concrete 
and  an  increase  of  0.88-0.  83  =  0.05  for  the  Vibrofithic 
concrete.  This  would  tend  to  make  the  average  increase 
from  28  days  to  1  year  slightly  less  for  both  normal  and 
Vibrolithic  concrete  than  would  be  expected  had  the 
same  water-cement  ratios  obtained  for  both  test  groups. 

Although  the  data  on  the  determination  of  the  value 
of  the  modulus  of  elasticty  are  somewhat  meager,  yet 
there  are  some  interesting  indications  in  them.  In 
general,  the  values  range  from  3,000,000  to  6,000,000 
pounds  per  square  inch  for  each  type  of  concrete  and 
seem  to  bear  no  relation  to  either  the  compressive 
strength  or  the  modulus  of  rupture.  The  average  values 
for  E,  determined  from  the  strain  gauge  readings  on  the 
flexed  beams,  are  slightly  lower  than  the  average  values 
determined  by  compression  on  drified  cores.  This  is 
true  for  both  tvpes  of  concrete.  Also  the  average  value 
of  E  for  the  normal  concrete  is  somewhat  lower  than 
the  average  value  for  the  Vibrolithic,  whether  the  deter- 
mination is  made  by  bending  or  by  compression  tests. 

RESULTS  FROM   ABSORPTION.  FR|EZmGj^  AND   COMPRESSION   OF 

The  absorption  of  the  concrete  as  shown  in  Table  5 
furnishes  but  little  material  for  definite  comment  when 
considered  alone.  Without  going  deeply  into  a  discus- 
sion of  efi"ect  of  voids  on  absorption  it  would  seem  that 
other  things  being  equal  the  richer  concrete  would 
have  the  lower  percentage  of  voids.  Also,  it  is  reason- 
able to  suppose  that  for  concrete  of  identical  materials, 


186 


PUBLIC    EOADS 


Vol.  8,  No.  8 


quantities,  and  mlxins:,  tliat  which  is  rodded  or  vibrated 
the  most  will  probably  give  the  lower  absorption. 
These  two  effects  have  probably  offset  each  other  and 
made  the  average  absorption  for  the  normal  concrete 
and  the  Vibrolithic  concrete  practically  the  same. 

In  the  first  series  of  freezing  tests,  disintegration 
was  so  rapid  that  no  difference  in  the  behavior  of  the 
two  types  of  concrete  could  be  noticed.  As  previously 
remarked,  it  was  thought  that  the  high  compressive 
stress  set  up  in  the  specimen  by  the  expansion  of  the 
surrounding  block  of  ice  caused  sufficient  differential 
in  deformation  of  the  mortar  and  stone,  each  having  a 
different  modulus  of  elasticity,  to  destroy  the  bond. 
The  appearance  of  the  frozen  specimens  indicated  such 
action.  Table  7  shows  the  strengths  obtained  when 
these  frozen  cores  were  tested  in  compression.  The 
values  are  so  erratic  as  .to  mean  practically  nothing. 
When  these  cores  were  frozen  disintegration  began  at 
the  corners  and  this  left  rounded  irregular  ends  which, 
even  when  carefully  capped,  made  the  results  of  com- 
pression tests  of  doubtful  value.  It  is  thought  that 
the  effect  of  freezing  on  the  strength  of  concrete  will 
be  indicated  far  more  precisely  by  specimens  which 
are  suitable  for  transverse  bending  tests. 

As  already  stated,  the  second  series  of  freezing  tests 
was  unsuccessful  so  that  the  data  which  it  was  planned 
to  obtain  on  the  relative  behavior  of  the  two  types  of 
concrete  under  conditions  of  alternate  freezing  and 
thawing  did  not  materialize. 

Cores  drilled  from  the  28-day  test  slabs  were  tested 
in  compression  at  the  age  of  13  months,  and  these  data 
are  shown  in  Table  6.  Considerable  variation  is  to  be 
noted  in  the  individual  test  results;  the  different  mixes 
do  not  show  the  strength  variations  which  would  be 
expected,  and  the  difference  in  strength  between  the 
normal  and  Vibrolithic  specimens  so  consistently  indi- 
cated in  the  bending  tests  does  not  appear  at  all  in 
these  compression  tests.  The  inference  is  that  com- 
pression tests  on  these  drilled  cores  are  not  a  good 
measure  of  the  strength  of  the  concrete  and  indicate 
little  except  that,  in  general,  the  concrete  is  of  good 
quality.  This  is  also  true  of  the  cores  tested  at  17 
months,  the  data  for  which  appear  in  Table  8,  except 
that  the  average  strength  of  the  different  mixes  appears 
to  be  somewhat  more  in  accord  with  what  might  be 
expected. 

CONCLUSIONS 

When  drawing  conclusions  from  the  data  obtained 
in  this  investigation  the  following  fact  should  be  borne 
in  mind.  The  normal  slabs  were  too  dry  for  hand 
finishing  and  the  high  percentage  of  honeycombing 
found  in  them  is  the  result  of  this  condition.  Had  the 
mix  of  these  slabs  been  wetter  a  higher  degree  of  com- 
paction would  probably  have  been  obtained,  but  it  is 
probable  that  the  gain  in  strength  which  might  have 
been  expected  as  the  result  of  higher  density  would 
have  been  offset  by  the  reduction  in  strength  due  to  the 
increase  in  water  content.  On  the  other  hand,  the 
dry  mix  was  well  designed  for  machine  finishing,  and  if 
machine  methods  had  been  employed  the  normal 
slabs  would  probably  have  been  more  uniform  and 
dense,  and  their  strength  correspondingly  higher. 
The  difference  between  the  two  types  of  concrete 
would  then  have  been  less.  In  spite  of  this,  however, 
an  examination  of  the  strength  values  for  the  normal 
concrete  for  any  given  age  and  mix  will  show  that  this 
concrete  was  of  at  least  average  strength. 


In  summarizing  the  results  of  this  investigation,  it 
may  be  said  that: 

1.  For  a  given  cement  content  the  slabs  constructed 
by  the  Vibrolithic  method  showed  greater  strength 
than  those  of  normal  concrete,  when  measured  by  the 
transverse  bending  test. 

2.  The  Vibrolithic  concrete  slabs  were  somewhat 
more  uniform  in  strength  than  those  of  normal  con- 
concrete  in  both  the  28-day  and  1-year  tests,  both 
types  showing  greater  uniformity  at  1-year  than  at  28 
days. 

3.  The  specimens  of  Vibrolithic  concrete  showed  a 
greater  percentage  of  increase  in  the  modulus  of  rup- 
ture from  28  days  to  1  year  than  did  those  of  nbrmal 
concrete. 

4.  Absorption  tests  on  6  by  6  inch  drilled  cores  indi- 
cate that  there  is  practically  no  difference  in  the  absorp- 
tive properties  of  the  two  types  of  concrete. 

5.  Compression  tests  on  6  by  6  inch  drilled  cores 
tested  at  the  ages  of  13  and  17  months  do  not  show  the 
difference  in  strength  between  normal  and  Vibrolithic 
concrete  that  is  indicated  by  the  transverse  bending 
tests. 

6.  The  value  of  the  modulus  of  elasticity  ranges 
from  3,000,000  to  6,000,000  pounds  per  square  inch  for 
both  types  of  concrete.  The  average  value  of  E  is 
somewhat  higher  for  the  Vibrolithic  concrete  than  for 
the  normal  concrete  by  both  the  bending  and  compres- 
sion test  determinations. 

APPLICATION   OF   THE   RESULTS   OF   THE  INVESTIGATION   IN   THE 
DESIGN  OF  PAVEMENTS 

It  has  been  shown  in  this  report  that  there  was  a 
difference  in  the  modulus  of  rupture  or  resistance  to 
bending  of  concrete  placed  by  the  two  methods.  The 
magnitude  of  this  difference  for  the  various  mixes  may 
be  ascertained  by  comparison  of  Tables  1  and  2,  and 
the  graphical  presentation  of  the  same  data  in  Figure  3. 
Corresponding  data  will  be  found  in  the  28-day  report.* 

For  the  two  comparable  mixes  the  difference  may  be 
expressed  as  a  ratio  with  the  following  result: 


Mix 


1  :2:3M 

1 :2:4 


Bending  strength  ratio= 


Average  modulus  of  rupture  (Vibrolithic) 
Average  modulus  of  rupture  (normal) 


It  can  not  be  said  that  the  difference  found  in  these 
tests  will  hold  for  concrete  constructed  of  other  aggre- 
gates. But  for  the  moment,  let  it  be  assumed  that  we 
expect  to  use  such  aggregates  as  were  used  in  the 
Arlington  tests  and  that  differences  in  strength  such  as 
were  found  will  be  obtained  with  the  two  methods  of 
placing.  How  then,  can  the  data  developed  by  this 
investigation  be  used  in  the  design  of  pavements? 
From  the  data  at  hand  we  may  design  pavements  of 
equivalent  bending  strength,  by  either  of  the  two 
methods,  if  we  use — 

(a)  the  same  mix  but  change  the  cross-section,  or 

(b)  the  same  cross-section  but  change  the  mix. 

'  See  Public  Roads,  vol.  7,  No.  2,  April,  1926,  pp.  38  and  41. 
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Employing  the  first  method,  the  knowledge  of  the 
modulus  of  rupture  of  concrete  of  a  given  mix  finished 
by  the  two  methods  supplied  by  this  investigation  may 
be  used  to  determine  the  required  thickness  of  each 
type  by  means  of  the  so-called  corner  formula. 

The  use  of  this  simple  formula  for  the  design  of  road 
slabs  is  based  upon  the  assumption  that  the  most 
severe  condition  of  loading  likely  to  occur  is  that  of  a 
load  concentrated  at  the  extreme  corner  of  a  rectangular 
panel  of  the  slab  when,  for  one  reason  or  another,  the 
subgrade  offers  practically  no  support  to  the  corner. 


POINT  OF 

APPLICATION 
OF  LOAD  P   -_^ 


Fjg.  7. — Diagram  For  Use  With 
Demonstration  of  Corner 
Formula 


the  average  modulus  of  rupture  at  one  year  of  the 
normal  and  Vibrolithic  slabs,  respectively,  for  mixes 
1:2 :3K  and  1:2:4.  Similar  values  at  28  days  were 
given  m  the  earlier  report.^ 

The  values  with  the  corresponduig  allowable  stresses 
(one-half  of  the  modulus  of  rupture)  are  shown  for  each 
mix  in  the  following  table. 


Mix. 


28-DAY  TESTS 


1:  2:  Z]4 


1:2:4 


Type _. !      Normal 


Modulus  of  rupture. 
Allowable  stress 


iLhs.pcT  sq.in. 

586 

I  293 


Vibrolithic 


Lhs.  per  sq.  in. 
669 
335 


Normal 


Vibrolithic 


Lbs. per  sq.  in.iLbs.per  sq.  in. 
507  579 

253  I  289 


1-YEAR  TESTS 

Modulus  of  rupture 

Allowable  stress 

620  1                    782 
310                     391 

595 
298 

748 
374 

Either  the  1-year  or  the  28-day  values  may  be  used 
for  substitution  in  the'  corner  formula  to  design  slabs 
of  equivalent  strength,  using  concrete  of  the  same  mix 
finished  by  the  two  methods,  but  as  the  pavement  is 
put  in  service  after  three  or  four  weeks,  it  is  believed 
that  the  28-day  test  values  are  a  safer  basis  for  com- 
parison. Using  the  latter  values  the  design  of  slabs 
of  uniform  depth  is  illustrated  as  follows: 


Under  this  condition  the  corner  of  the  slab  acts  as  a 
cantilever  of  uniform  strength  supporting  a  load,  P,  at 
the  extreme  corner.  (Fig.  7.)  At  the  distance,  x, 
measured  diagonally  from  the  corner  along  the  bisector 
of  the  right  angle  of  the  corner,  the  bending  moment  is 
then  Px.  This  bending  moment  is  resisted  by  the 
resisting  moment  of  the  section  AC,  which  has  a  length 
of  2x,  and  a  depth  of  d,  the  depth  of  the  slab. 

The  resisting  moment  is,  therefore,  equal  to 


2x.d?S 


Sxd? 


in  which  S  is  the  unit  tensile  stress  in  the  top  of  the 
slab. 

Equating  the  resisting  and  bending  moments, 


Px  = 


Sxd? 


or  d-- 


V 


s 


As  tests  of  the  fatigue  of  concrete  have  shown  that 
the  material  will  eventually  fail  under  repeated  appli- 
cations of  a  load  which  produces  a  stress  equal  to 
approxunately  55  per  cent  of  the  modulus  of  rupture. 
It  is  not  safe  to  use  a  value  of  S  in  the  corner  formula  in 
excess  of  50  per  cent  of  the  modulus  of  rupture  of  the 
material. 

Applying  the  corner  formula  to  the  design  of  slabs 
finished  by  the  two  methods  described  in  this  report, 
it  will  be  observed  that  Tables  1  and  2  give  values  of 


SLABS  OF  SAME  MIX  AND  VARL\BLE  DEPTH 

Assuming  a  maximum  wheel  load,  P,  of  9,000  pounds 
and  a  1:2:3J/^  mix,  the  depth  of  slab  required  is  as 
follows : 

For  normal  concrete — 


'-y— 2 


9,000 
293 


=  9.6  inches 


For  Vibrolithic  concrete- 


d=  %!  "  ob'c       =9.0  inches 

That  is,  a  slab  9  inches  thick  of  the  stronger  concrete 
will  be  equal  in  flexural  strength  to  a  slab  of  the  weaker 
concrete  9.6  inches  thick. 

With  a  1:2:4  mix  and  the  same  wheel  load,  the  equiv- 
alent depths  will  be 

For  normal  concrete, 


253 
For  Vibrolithic  concrete 


(?  =  -»/ — ^vo — =10.3  inches 


d  =  -J — 289 — ■'^^■^  inches 


»  Public  Roads,  vol.  7,  No.  2  Apr.,  1926,  p.  38. 
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These  differences  in  thickness  may  be  expressed  in 
terms  of  the  quantity  of  concrete  required  to  lay  a 
lineal  yard  of  18-foot  pavement  as  follows: 

For  the  1:2:3^  mix— 

Cubic  yards  of  concrete 

Normal  slab,  9.G  inches  thick,  will  require 1.  60 

Vibrolithic  slab,  9.0  inches  thick,  will  require 1.  50 

Difference .  10 

As  for  the  1:2:4  mix — 

Cubic  yards  of  concrete 

Normal  slab,  10.3  inches  thick,  will  require 1.  72 

Vibrolithic  slab,  9.7  inches  thick,  will  require 1.  62 

Difference .  10 

Thus,  with  either  mix,  the  reduction  in  depth  per- 
mitted by  the  use  of  the  stronger  concrete  will  make 
possible  a  saving  of  about  0.10  cubic  yard  of  concrete 
per  lineal  yard  of  18-foot  pavement. 

THICKENED    EDGE    PAVEMENTS 

By  tests  and  also  by  theoretical  analysis  it  has  been 
found  that  a  given  wheel  load  will  produce  a  greater 
stress  in  a  concrete  slab  if  applied  at  the  edge  or  at  a 
corner,  as  above,  than  if  the  same  load  is  applied  in  the 
center  of  the  slab;  if  the  depth  of  the  slab  is  the  same 
at  all  points.  Such  a  design  is  uneconomical  because 
it  does  not  fully  employ  the  strength  of  the  central  por- 
tions of  the  slab;  and  in  order  that  the  central  portion 
may  carry  a  stress  as  great  as  the  edges  it  has  been 
found  that  the  center  depth  should  be  approximately 
seven-tenths  of  the  edge  thickness. 

On  this  basis  the  uniform-depth  design,  previously 
described  would  be  modified  as  follows: 

Assuming — 
9,000-pound  wheel  load. 
1:2:3H  mix,  28  days  old. 
Allowable  stress  in  normal  concrete^  293  pounds  per  sciuare 

inch. 
Allowable   stress   in    Vibrolithic    concrete=335   pounds   per 

square  inch. 
Center  thickness=0.7  edge  thickness. 
Edge  thickness  by  the  corner  formula: 

9.6  inches  for  normal  concrete. 
9.0  inches  for  Vibrolithic  concrete. 

Center  thickness: 

6.7  inches  for  normal  concrete. 
6.3  inches  for  Vibrolithic  concrete. 

For  an  18-foot  pavement  with  the  thickened  edge 
disappearing  2  feet  from  the  edge,  the  following  volumes 
of  concrete  are  required : 

Per  lineal  yard  of  pavement:  Cubic  yards 

Normal 1.  17 

Vibrolithic 1.  10 

Difference .  07 

SLABS    OF  SAME    CROSS    SECTION    BUT    DIFFERENT  MIXES 

Using  the  second  method,  equal  strength  in  slabs  of 
the  two  types  may  be  obtained  by  employing  different 
mixes,  and  typical  data  for  such  alternate  designs  are 
supplied  directly  by  this  investigation. 

The  following  table  gives  the  average  modulus  of 
rupture  of  the  various  mixes  of  the  two  types  at  28 
days  and  1  year: 


Mix 


Average  modulus  of  rupture 
(pounds  per  square  inch) 


28  days 


Normal      Vibrolithic 


i-.iVr.S--. 

1:2:3 

1:2:3K--- 

1:2:4 

1:IH:3H- 
l:2:4M--- 


624 
595 
586 
507 


579 
708 
578 


1  year 


Normal      Vibrolithic 


723 
613 
620 
595 


782 
748 
917 
673 


From  these  values  it  will  be  seen  that  the  following 
mixes  have  approximately  equal  flexural  strength : 

28  days — 1:2: 3J^  normal  and  1:2:4}^  Vibrolithic 
1  year — 1:13^:3  normal  and  1:2:4  Vibrolithic 

As  the  equivalent  designs,  in  this  case,  are  of  the 
same  thickness  there  is  no  difference  in  the  amount  of 
concrete  used;  but  the  proportions  of  cement,  sand, 
and  stone  are  different,  and  hence  there  is  a  difference 
in  cost. 

To  estimate  the  difference  in  cost,  the  quantities  of 
materials  required  to  produce  1  cubic  yard  of  mixed 
concrete  of  the  several  mixes  must  be  determined  and 
a  very  satisfactory  formula  for  making  this  determina- 
tion has  been  advanced  by  Stanton  Walker.*  This 
formula  is  based  on  the  assumption  known  to  be  prac- 
tically correct — that  the  volume  of  concrete  produced 
by  the  mixture  of  cement,  and  fine  and  coarse  aggregate, 
and  water  in  given  proportions  is  equal  to  the  com- 
bined solid  volumes  of  each  of  the  ingredients. 

Thus,  if  the  number  of  1-cubic  foot  sacks  of  cement 
entering  into  a  cubic  yard  of  concrete  of  given  mix  be 
designated  as  N,  and  if — 

a;  =  the   ratio   of  the   volume   of    mixing    water    to    the 

volume  of  cement  (water-cement  ratio) ; 
lF/=the  weight  of  fine  aggregate,  in  i^ounds,  used  with 

one  sack  of  cement; 
lFc=the  weight  of  coarse  aggregate,  in  pounds,  used  with 
one  sack  of  cement;  and — 
Sf  and  )Sc=the  apparent  specific  gravities  of  the  fine  and  coarse 
aggregates,  respectively. 

And,  finally,  the  volume  of  voids  in  a  1-cubic  foot 
sack  of  cement  being  approximately  0.5  cubic  foot, 
Mr.  Walker's  formula  is  expressed  as  follows: 


Or 


0.5N+  Nxi-J^^^  +  -^-^27  cubic  feet. 
52.6    Of     b2.6  Oc 


N= 


27 


0.5+  x  +  c^~^-^  + 


62.5  Sf  '   62.5Sc 


Using  this  formula  the  quantities  of  materials  re- 
quired to  produce  1  cubic  yard  of  mixed  concrete  of 
each  of  the  mixes  tested  in  this  investigation  are  as 
follows : 

°  Walker,  Stanton.     Estimating  quantities  of  materials  for  concrete. 
Bull.  No.  1,  National  Sand  and  Gravel  Association,  Washington,  D.  C. 
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Quantities  of  materials  required  for  one  cubic  yard  of  mixed  concrete 


Mix 

1:1>^:3 

i-.m-.m 

1:2:3 

\:2:3}4 

1:2:4 

1:2:4M 

Cement,  sacks.- 

Sand,  cubic  yards.- - 
Stone,  cubic  yards... 

6.82 
.38 
.76 

6.31 
.35 
.82 

6.18 
.46 
.69 

5.73 
.42 
.74 

5.35 
.40 
.79 

5.00 
.37 
.83 

In    calculating    the    above    quantities    the    average 

water-cement  ratio  actually  used  in  the  test  slabs  was 

employed.     These  values  were: 

w 

Mij  Av.    ^  (all  tests) 

1:1H:3 0.72 

1:1M:3M .74 

1:2:3 .82 

1:2:33^ .86 

1:2:4 .90 

1:2-A}4 .95 

Using  the  above  quantities  and  assumed  unit  prices 
of  the  several  materials  (average  current  figures  taken 
from  a  monthly  tabulation  by  the  Engineering  News- 
Record),  the  cost  per  cubic  yard  of  concrete  of  each 
mix  may  be  calculated  as  follows : 

Cost  of  materials  per  cubic  yard  of  concrete 


Mix 

Material 

l:lH:3 

l:lH:3H 

1:2:3 

l:2:3>i 

1:2:4 

l:2:4H 

Cement,  $0.57  per  sack 

$3.88 
.51 
1.39 

$3.60 
.47 
1.50 

$3.52 
.62 
1.26 

$3.27 
.56 
1.35 

$3.05 
.54 
1.45 

$2.85 

Sand,  $1.34  per  cubic  yard 

Stone,  $1.83  per  cubic  yard-...-- 

.50 
1.52 

Total           -- 

5.78 

5.57 

5.40 

5.18 

5.04 

4.87 

Using  these  costs  we  may  now  make  an  approximate 
estimate  of  the  comparative  costs  of  the  mixes  of  equiv- 
alent strength,  above  indicated. 

Thus — 


Mixes  of  equivalent 
strength: 

Cost 
Normal,  1:2:3^—  $5.  18 
V  i  b  r  o  1  i  t  h  i  c  , 

1:2:41^ 4.87 


Mixes  of  equivalent 
strength : 


Cost 


Normal,  1:1^:3—    $5.  78 
Vibrolithic,     1:2:4.     5.  04 


Difference - 


74 


Difference. 


.  31 


Other  material  prices  would  also  influence  the  com- 
parison somewhat  and  the  above  calculations  simply 
show  the  approximate  cost  relation  and  illustrate  one 
method  of  making  practical  use  of  these  test  data. 

The  purpose  of  the  foregoing  discussion  has  been 
to  point  out  two  methods  by  which  the  highway  engi- 
neer may  make  practical  use  of  data  such  as  are  included 
in  this  report.  The  designs  employed  in  the  calcula- 
tions are  typical  and  the  unit  values  are  averages, 
so  that  the  comparisons  of  the  two  types  of  concrete 
are  valid  with  respect  to  the  particular  materials  and 
methods  of  finishing  employed  in  these  tests.  It  would 
not  be  proper  to  assume,  however,  that  the  particular 
comparisons  are  valid  with  respect  to  the  two  types  of 
concrete  produced  under  other  conditions. 


Reduced  to  a  square  yard  basis  for  an  8-inch  pave- 
ment this  difference  becomes  $0,069  and  $0,164  for  the 
28-day  and  1-year  strength  values,  respectively. 

These  figures  do  not  include  any  fabrication  costs 
but,  except  for  the  cost  of  finishing  after  the  concrete 
is  placed,  such  costs  would  be  the  same  for  the  two 
mixes  compared. 

To  determine  exactly  what  the  difference  would  be 
it  would  be  necessary  to  have  these  costs  of  the  finish- 
ing operation  by  each  of  the  two  methods. 
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Fig.  48.— Moment,  Shear  and  Lo.^d  Curves  Developed 
Graphically  from  Type  Deflection  Curve  on  Axis 
Normal  to  I  Beams  for  30,000-pound  Load.  The 
Ordinates  Shown  are  Proportional  to  Moments  in 
Foot-pounds,  Shear  in  Pounds,  etc.  The  Absolute 
Values  are  Dependent  Upon  the  Scales  Used 

By  exercising  pi'oper  care  in  the  selection  of  the 
scales,  successive  curves  may  be  developed  from  which, 
by  giving  due  consideration  to  the  variables  for  any 
individual  slab,  ordinates  may  be  scaled  which  will 
give  the  moment,  shear,  and  load  at  any  point  on  the 
axes  of  the  slab. 
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SURFACE  TREATMENT  OF  TOPSOIL  ROADS 

REPORT  ON  COOPERATIVE  EXPERIMENTS  BY  THE  UNITED  STATES  BUREAU  OF  PUBLIC  ROADS  AND  THE 

STATE  HIGHWAY  DEPARTMENT  OF  SOUTH  CAROLINA 

Reported  by  J.  T.  PAULS,  Associate  Highway  Engineer 


LOCAL  considerations  of  traffic  and  of  economic 
necessity  make  it  certain  that  relatively  low-cost 
road  types,  constructed  of  local  materials,  will 
long  continue  to  constitute  a  large  proportion  of  our 
highway  system.  In  some  sections  sand-clay  and  sand- 
clay-gravel  surfaces  predominate.  Where  conditions 
are  favorable  to  these  types  they  are  entirely  satisfac- 
tory, but  there  is  a  considerable  mileage  which  is  kept 
in  a  satisfactory  condition  only  by  constant  and  pains- 
taking maintenance  at  considerable  cost.  Such  road 
surfaces  are  extremely  dusty  when  dry  and  frequently 
repair  and  reconstruction  costs  amount  to  large  totals. 

Topsoil  roads  have  been  built  extensively  in  the 
South,  where,  in  many  sections,  suitable  surfacing 
material  occurs  as  the  thin  upper  layer  of  the  soil,  par- 
ticularly on  hills  and  knolls.  The  material  contains 
a  preponderance  of  small  gravel  particles  from  which  a 
considerable  portion  of  the  original  clay  content  has 
been  removed  by  natural  processes  assisted  by  culti- 
vation. 

Naturally,  all  native  deposits  are  not  equally  suit- 
able for  road  building.  The  characteristics  and  amount 
of  the  clay  as  well  as  the  gradation  of  the  coarser 
particles  influence  the  behavior  of  the  material  as  a 
road  surface.  Highly  plastic  clay  is  not  desirable  in 
as  large  a  quantity  as  where  it  is  of  a  low  degree  of 
plasticity.  An  excessive  amount  of  clay,  while  bonding 
well  in  dry  seasons,  is  likely  to  cause  muddiness  and 
rutting  during  continued  wet  weather.  A  deficiency  of 
clay,  if  not  too  marked,  may  prove  satisfactory  at  the 
time  of  rains,  but  is  apt  to  result  in  raveling  when 
moisture  is  lacking.  Methods  for  the  determination 
of  the  quality  of  clays  are  not  yet  fully  developed,  but 
tests  are  available  by  means  of  which  their  properties 
may  be  estimated  and  compared. 

Considerable  research  is  being  conducted  to  develop 
methods  of  eluninating  dust  and  materially  reduce 
maintenance  costs  on  sand-clay  or  topsoil  road  surfaces. 
Experiments  generally  involve  the  use  of  bituminous 
materials  for  the  purpose  of  reinforcing  the  existing 
surface  either  by  impregnation  or  by  the  addition  of  a 
thin  surface  layer  of  greater  resistance  to  the  destruc- 
tive agencies  of  nature  and  traffic. 

SOUTH  CAROUNA  STATE  HIGHWAY  DEPARTMENT  EXPERIMENTS  ' 

In  1924  the  State  highway  department  of  South 
Carolina  applied  a  surface  treatment  to  a  T-mUe  section 
of  the  topsoil  road  between  Spartanburg  and  Inman. 
A  priming  coat  of  light  refined  tar  was  first  applied  at 
the  rate  of  one-fourth  gallon  per  square  yard  followed 
by  one-third  gallon  per  square  yard  of  either  tar  or 
asphalt  applied  hot.  Crushed  stone,  one-fourth  to  1 3^ 
inches  in  size,  was  spread  over  the  surface  at  a  rate  of 
about  50  pounds  per  square  yard  and  the  operation  was 
completed  by  rolling. 

'  See  Surface  Treatment  of  Roads— Hot  Application  Method,  by  N.  S.  Anderson, 
maintenance  engineer,  South  Carolina  Highway  Department,  Proceedings  of  the  Fifth 
Annual  4spbalt  Paving  Conference. 

70060—27 1 


COOPERATIVE  EXPERIMENTS  UNDERTAKEN 

The  State  work  yielded  such  promising  results  that 
further  experiments  of  this  general  nature  were  under- 
taken during  1925  by  the  South  Carohna  State  highway 
department  in  cooperation  with  the  United  States 
Bureau  of  Public  Roads. 

A  7-mile  section  of  Route  15  in  Anderson  County, 
beginning  west  of  the  city  of  Anderson,  at  the  end  of  the 
bituminous  pavement  and  extending  west  approxi- 
mately 7  miles,  was  selected  for  a  service  test  of  six 
experimental  sections.  Details  of  these  sections  are 
shown  in  Table  1.  Five  other  experimental  sections 
were  located  in  Spartanburg  County  on  Route  19, 
beginning  at  the  south  city  lunits  of  Inman  and  extend- 
ing north  on  the  Spartanburg-Tryon  highway  to  the 
State  line.  These  five  sections  aggregated  approxi- 
mately 8  miles  in  length  and  were  designed  as  shown  in 
Table  2. 


A  DovBLE  Suia'ACj:  Tklat.mext  Aiixi.  i 


.AHS  Sl^KVlCE 


Several  methods  of  construction  were  adopted  and 
a  number  of  very  different  bituminous  materials  speci- 
fied in  order  that  the  maximum  amount  of  information 
might  be  derived  with  respect  to  their  behavior  when 
applied  to  road  surfaces  varying  in  composition  and 
texture.  In  selecting  mineral  cover  material,  it  was 
decided  to  use  natural  topsoil  in  comparison  with  local 
river  sand  on  some  of  the  sections. 

PROPERTIES  OF  TOPSOIL  STUDIED 

Before  the  construction  of  these  experiments  was 
started,  a  survey  was  made  of  the  condition  of  the 
topsoil  surface  of  the  roads  selected.  Samples  of  the 
material  were  taken  from  the  surface  and  subgrade  at 
intervals.  The  results  of  laboratory  tests  on  these 
samples  are  given  in  Table  3. 

A  wide  variation  in  the  condition  of  the  different 
sections  was  noted  in  the  survey.  The  surface  was 
smooth  and  well  bonded  on  a  major  portion  of  each, 
but  in  some  places  it  was  loose  and  in  others  rough 
and  potholed. 

On  experimental  section  6,  from  station  280  +  00  to 
320  +  00,  scaling  and  crumbling  was  prevalent.  The 
material  in  this  location  contained  a  large  amount  of 
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Table  1. — Details  of  construction  and  re-treatments  oj  experimental  sections  on  Route  15,  all  sections  20  feet  in  width 

ORIGINAL  TREATMENTS  IN  MAY  AND  JUNE,  1925 


Section  and  station 


Seel.  0+00tol5+84___. 
Sec.  2.  15+84  to  34+32.__ 

Sec.  3.  34+32  to  108+24_. 
Sec.  4.  108+24  to  lGl+04. 
Sec.  5.  lGl+04  to  279+84- 

Sec.  6.  279+84  to  301+00. 


Type  and  depth 


Bituminous  material 


Character 


Mixed,  2  inches !  Tar,  8  to  13  specific  viscosity  at  40°  C. 

do Medium  quick-drying  oil. 

Surface-treated Tar,  8  to  13  specific  viscosity  at  40°  C. 

do 

do 

Double  surface-treated 


Tar,  18  to  25  specific  viscosity  at  40°  C 

Slow-drying  oil 

(Primer:  Tar,  8  to  13  specific  viscosity  at  40°  C. 

•^Second  coat:  Hot  asphalt,  150  to  200  pen 

[station  359+00  to  361+00,  no  primer 


Gallons 

per 
square 

yard 


1.5 
1.5 

.38 
.38 

.38 

.25 
.33 


Covering 


None. 

None. 

JTopsoil,    34+32   to   85+00;   sand, 
i\    85+00  to  108+24. 
JTopsoil,  134+00  to  161+04;  sand, 
1     108+24  to  134+00. 
/Sand,  161+04  to  255+00;  topsoil, 
\    255+00  to  279+84. 

■Stone,  J4  to  1  inch. 


RE-TREATMENTS 


Section  and  station 


Date 


Sec.  1.  0+00  to  15+84 July,  1925... 

Do March,  1927. 

Do i do 


Sec.  2.  15+84  to34+32. |  November,  1925. 

Do I  March,  1927 

Do - ! do 


Sec.  3.  34+32  to  81+50 i  July,  1925 

Do ~ !  November,  1925. 

81+50  to  108+24. ! do 

34+321,0  47+00 ilMarch  1927 

80+00  to  94+.50 ijMarcn,  ly^/ 

47+00  to  80+00 i\        .- 

94+.50  to  108+24 jj— -uo 

Sec.  4.  134+00  to  161 +04 '■  July,  1925 

Do --- I  November,  1925. 

108+24  to  134+00 do 

159+00  to  1(11+04 _ _    March,  1927 

108+24  to  159+00 _ do 


Sec.  5.  161+04  to  279+84 November,  1925... 

Do March,  1927 


Sec.  6.  279+84  to  353+00. 


November,  1925. 


Bituminous  material 


Type  and  depth 


Character 


Surface-treated I  Tar,  18  to  25  specific  viscosity  at  40°  C. 

Mixed,  3H  inches 1 do 

Surface-treated do 


Mixed,  2  inches... 
Mi.xed,  3H  inches. 
Surface-treated 


Scarified 

Surface-treated 

Surface-treated 

Scarified  and  surface-treated. 

Surface-treated 


Scarified 

Surface-treated 

do L. 

Scarified  and  surface-treated. 
Surface-treated 


do.. 

do-. 


.do. 


Slow-drying  oil. 
do. 


-do. 


Gallons 

per 
square 

yard 


0.2 

1.1 

.2 

1.1 

1.1 

.2 


Tar,  18  to  25  specific  viscosity  at  40°  C. 
do 


Tar,  13  to  18  specific  viscosity  at  40°  C. 
do 


Tar,  18  to  25  specific  viscosity  at  40°  C_ 

do 

Tar,  13  to  18  specific  viscosity  at  40°  C. 
do 


Slow-drying  oil  - 
do 


-do. 


.35 
.18 

.40 
.25 


.37 
.24 
.40 
.25 

.2 
.2 

.2 


Covering 


Sand. 
Do. 

Do. 

Do. 
Do. 

Do. 
Do. 


Do. 
Do. 
Do. 
Do. 

Do. 
Do. 

Do. 


mica,  which  seemed  not  only  to  weaken  the  bond  but 
also,  hj  collecting  in  layers  and  pockets,  to  cause  scaling 
of  the  surface.  The  South  Carolina  highway  depart- 
ment has  found  that  those  portions  of  the  surface 
containing  high  percentages  of  mica  are  slippery,  un- 
stable, and  difficult  to  maintain  during  the  wet  season. 

The  portions  of  the  surface  showing  the  greatest  mica 
content  were  located  in  the  deeper  cuts  and  on  fills 
built  with  the  soil  from  these  cuts.  In  these  locations 
the  mica-bearing  subsoil  had  been  incorporated  with 
the  topsoil  by  the  mixing  during  construction  and  main- 
tenance. 

The  topsoil  surface  material  on  the  experimental 
sections  in  Spartanburg  County  contained  in  general 
much  less  mica  than  the  surface  on  portions  of  the 
Anderson  County  road.  However,  in  the  former 
county  the  surface  of  experim.ental  section  11  between 
stations  729  +  00  and  791+25  scaled  and  crumbled 
badly  during  the  progress  of  the  treatment.  This 
may  have  been  the  result  of  spreading  a  coat  of  finely 
crushed  granite  during  the  spring  which  at  the  time  was 
insufficiently  mixed  with  the  clay  binder  underneath. 

Table  3  shows  that  the  clay  content  in  the  topsoil 
material  ranged  from  a  minimum  of  8  per  cent  to  a 
maximum  of  32  per  cent,  the  average  being  about  20 
per  cent.  The  surface  from  which  the  sample  con- 
taining 8  per  cent  clay  was  taken  was  loose  and  badly 
broken.     In  the  area  represented  by  the  sample  having 


32  per  cent  clay,  the  surface  remained  smooth  and 
well  bonded  during  dry  weather  but  rutted  somewhat 
during  wet  weather.  It  appears,  by  comparing  the 
clay  content  with  the  condition  of  the  surface,  that 
less  than  20  per  cent  clay  in  this  topsoil  did  not  in 
general  give  a  stable  and  well-bonded  surface  during 
all  seasons  of  the  year.  Clay  was  considered  as 
including  all  particles  of  less  than  about  0.02  millimeter 
diameter  and  on  the  average  constituted  approximately 
twice  as  much  material  as  would  have  been  the  case 
had  the  limit  been  taken  as  0.005  millimeter  diameter. 
A  diameter  of  0.005  millimeter  is  usually  considered 
the  upper  limit  under  present  soil  terminology.  The 
low  dye-adsorption  numbers  obtained  may  be  taken 
to  indicate  a  clay  low  in  stickiness  and  plasticity. 
This  probably  explains  why  such  a  large  percentage  of 
clay  was  needed  to  get  a  well-bonded  surface. 

The  low  moisture  equivalent  obtained  indicates  in 
general  that  the  material  dries  out  very  quicldy  after 
a  rain.  This  characteristic  property  of  the  topsoil 
surface  was  noted  during  construction. 

Other  physical  tests  add  but  little  to  this  informa- 
tion, probably  due  to  some  extent  to  the  fact  that  the 
proportion  of  sand  is  so  large  as  to  render  inapplicable 
tests  designed  primarily  for  soils.  In  general,  however, 
it  is  seen  that  for  samples  from  poorly  bonded  locations 
the  dye  adsorption  is  5  or  less,  the  moisture  equivalent 
is  less  than  8,  and  the  lower  liquid  limit  is  less  than  19. 
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LOCAL     CONDITIONS     CONSIDERED     IN     SELECTING  BITUMINOUS 
MATERIALS 

In  selecting  bituminous  materials  for  the  various 
sections,  certain  qualities  were  specified  which  were 
thought  to  be  desirable  with  the  methods  of  construc- 
tion and  maintenance  adopted.  For  sections  1  and  2, 
materials  were  desired  which  would  mix  readily  with 
the  topsoil,  permit  working  and  smoothing  with  road 
machinery  soon  after  being  applied  but  which  would 
harden  with  sufficient  rapidity  to  produce  a  stable 
surface  under  traffic. 

A  thin  mat  surface,  susceptible  to  further  strengthen- 
ing by  subsequent  treatments,  was  desired  on  sections 
3  and  4.  For  this  purpose  tars  were  specified  of  such 
nature  and  consistency  that  they  would  penetrate  the 
topsoil,  thus  minimizing  the  danger  of  displacement 
under  traffic.  Tars  of  two  consistencies  were  used  to 
determine  their  relative  efficiencies. 

The  object  on  section  5  was  the  development  of  a 
surface  somewhat  similar  to  those  of  sections  3  and  4 
except  that  a  rather  light  grade  of  slow-curing  oil  was 
employed.  With  such  a  material  it  was  anticipated 
that  a  rather  plastic  mat  would  result  which  could  be 
shaped  by  dragging  and  thickened  by  later  treatments. 

On  the  double  surface  treatments,  experiments  6  to 
11,  inclusive,  the  purpose  was  to  form  a  stable  mat  of 
stone  and  bituminous  material,  firmly  bonded  with  the 
topsoil  surface.  A  rather  fluid  product,  designed  to 
penetrate  the  road  and  to  dry  with  sufficient  rapidity 
to  permit  early  application  of  the  second  coat,  was 
used  as  a  primer.    Over  this  a  hot  refined  tar  or  asphalt 


was  sprayed,  the  primary  function  of  which  was  to  bind 
the  relatively  heavy  layer  of  coarse  aggregate. 

Table  4  gives  the  results  of  tests  made  on  the  mmeral 
coyer  materials  and  Tables  5  and  6  give  the  character- 
istics of  the  bituminous  materials  used  on  the  several 
sections. 


.M    villi.  l.,«j    lyjl.r'jL,.  6l:UhACh  i-.jiv    iill.   AIlXING  TUKATMLNT 
CONSTRUCTION  METHODS  DESCRIBED 

Practically  the  same  methods  were  employed  in  the 
construction  of  experimental  sections  1  and  2.  The 
topsoil  road  surface  in  each  case  was  scarified  to  a  depth 
of  2  to  3  inches,  after  which  this  loosened  material  was 
pulverized  by  disk  harrowing.  About  one-half  of  the 
loose  material  was  then  bladed  to  the  sides  of  the  road 


Table  2.- 


-Details  of  construction  and  re-treatments  oj  experimental  sections  on  Route  19;  from  station  0  +  00  to  38-\-00  the  surface 

was  25  feet  wide  and  on  the  remainder  19  feet  wide 


ORIGINAL  TREATMENTS,  JUNE,  1925 


Type 

Bituminous  material 

Section  and  station 

Character 

Gallons 

per 
square 
yard 

Covering 

See.  7.  0+00  to  82+50.  — - 

Double  surface-treated 

/Primer:  Tar,  8  to  13,  specific  viscosity  at  40°  C 

14 

pi  to  1  inch  stone. 

C04_=;n  tn  A'i(\4-(\nl 

fPrimer'  Cut-back  oil                                         

Vi 

}       Do. 

Sec.  8.  436+00  to  512+00. 

Double  surface-treated 

itJopfinrl  font*   TTnt  n<;nhfllf"    150  to  2(10  nftn 

do 

fPrinier'  Cut-back  oil                                               

(512  to  517.  U  to  1  inch  stone,  517  to 

Sec.  9.  512+00  to  536+00 

Sec.  10.  536+00  to  622+50 

do 

fPrimer:  Tar,  8  to  13,  specific  viscosity  at  40°  C 

-^  \\    1  inch  slag. 

M  1/530  to  653,  M  to  1  inch  slag. 

}i  \553  to  622+50,  M  to  1  inch  stone. 

Sec.  11.  622+50  to  791+25 

do 

/Primer:  Tar,  8  to  13,  specific  viscosity  at  40°  C 

?J  jjji  to  1  inch  stone. 

1  This  section  was  double  surface-treated  by  the  State  highway  department  in  1925. 

RE-TREATMENTS 


Section  and  station 


Sec.  7.  38+00  to  82+50 

0+00  to  38+00 

82+50  to  436+001... 

Sec.  8.  436+00  to  512+00.-. 

Sec.  9.  512+00  to  536+00... 

Sec.  10.  574+50  to  622+50- - 
536  to  574+50 


Sec.  11.  622+50  to  791+25. 


Date 


November,  1925. 
March,  1926. 


March,  1926 

do 

November,  1925. 
March,  1926 


November,  1925. 


Type 


Bituminous  material 


Character 


Surface-treated '  Tar,  18  to  25,  specific  viscosity  at  40°  C. 

do Tar,  8  to  13,  specific  viscosity  at  40   C. 

■Suffaee-tfeateT;";^--!!;.--  "Medium  quick-drying  oil..... ---------- 

aq  Tar,  8  to  13,  specific  viscosity  at  40   C. 

<jo Tar,  13  to  18,  specific  viscosity  at  40   C. 

do :  Tar,  8  to  13,  specific  viscosity  at  40   C 


_(io '  Slow-drying  oil. 


Gallons 

per 
square 
yard 


Covering 


Sand. 
Do. 

Do. 
Do. 
Do. 

Sand,  553  to  574-1-50;  536  to 
553,  stone. 

Sand,  622+50  to  720,  735  to 
750,  780  to  791+25;  re- 
mainder li-H  inch  stone. 


1  This  section  was  double  surface-treated  by  the  State  highway  department  in  1925. 
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Final  Application  of  Bituminous   Matekial   Phepar- 
ti^'  ATORY  to  Mixing 


First  Application  of  Bituminous  Material  to  a  Por- 
tion OF  the  Soil.  Second  Application  to  Follow 
After  Spreading  the  Soil  Shown  in   Windrows 


Shaping  and  Compacting 


Table  3. — Analysis  and  tests  of  samples  of  topsail  surf acing  from  experimental  sections 


i 

Mechanical  analysis  of  granular  material 

d 

o  <» 

a 
o 

*3 

•a 

Shrinkage 

12 

d 

I 
1 

o  a 

o 

S 

to 

"o  5 

a.S 

a, 
°d 

=  ■3 

3 

r 

3 

1 
5 

a 

3 

■sgg 

III 

6 

U,  u 

g;.s 

o 

is 

.2d 

is 

d  d 

d  d 

"3 

■s 

Condition  of  the  topsoil  surface 

Per 

Per 

Per 

Pfr 

Per 

Per 

Per 

Per 

Per 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

Inches 

1528 

1 

2 

3 

3 

7 

31 

9 

7 

60 

13 

27 

13 

12 

25 

7 

16 

1.8 

6 

Smooth  and  well  bonded. 

1529 

2 

22 

6 

7 

9 

33 

10 

10 

75 

9 

17 

3 

6 

16 

0 

13 

1.9 

6 

Badlv  broken,  poorlv  bonded. 

1530 

3 

38 

3 

4 

4 

27 

13 

10 

61 

13 

26 

6 

10 

19 

3 

14 

1.9 

7 

Smooth  and  well  bonded. 

1531 

3 

74 

1 

3 

7 

33 

9 

6 

59 

9 

32 

11 

12 

27 

10 

17 

1.8 

8 

Do. 

1532 

3 

106 

1 

4 

7 

37 

11 

10 

70 

8 

22 

7 

7 

19 

0 

15 

L9 

9 

Good;  some  loose  material  on  the  sm'face. 

1533 

4 

125 

4 

6 

7 

33 

12 

11 

73 

9 

18 

5 

7 

18 

0 

15 

1.8 

7 

Considerable  loose  material,  poorly  bonded. 

1534 

4 

145 

8 

5 

5 

26 

12 

10 

66 

14 

20 

5 

8 

19 

0 

15 

L9 

6 

Good,  except  poorly  bonded  at  the  edges. 

1535 

5 

170 

8 

7 

5 

28 

12 

12 

72 

12 

16 

5 

6 

17 

0 

14 

1.9 

8 

Very  loose,  poorly  bonded. 

1536 

5 

213 

2 

6 

10 

35 

11 

8 

72 

10 

18 

5 

7 

19 

0 

16 

1.8 

6 

Do. 

1537 

5 

244 

7 

8 

9 

29 

8 

8 

69 

10 

22 

5 

8 

19 

4 

15 

1.8 

4 

Good;  some  loose  material  at  sides. 

1538 

5 

2(>9 

2 

8 

9 

30 

11 

8 

68 

12 

21 

6 

9 

21 

0 

16 

L8 

5 

Do. 

1568 

6 

290 

2 

6 

11 

41 

13 

12 

85 

8 

8 

3 

4 

Very  poor,  loose  and  scaling  badly  in  places. 

1539 

6 

300 

3 

4 

8 

33 

10 

10 

68 

12 

21 

6 

8 

25 

0 

20 

1.7 

8 

Good,  some  loose  material  at  sides. 

1540 

6 

340 

3 

5 

8 

32 

n 

11 

70 

10 

21 

5 

8 

19 

H 

15 

1.8 

8 

Smootli,  well  bonded. 

1562 

7 
7 
8 

5 

28 

446 

4 
14 
8 

9 
3 

8 
8 
5 

20 
22 
34 

9 
8 
12 

12 
10 
9 

66 
71 
71 

13 
13 
10 

21 
17 
20 

7 
6 

5 

8 
8 
8 

7 
6 
5 

Do. 

1563 

Loose  and  poorly  bonded. 
Rough,  well  bonded. 

1545 

17 

0 

15 

1.8 

1546 

8 

472 

5 

3 

6 

37 

13 

11 

75 

9 

16 

3 

6 

17 

0 

15 

6 

Loose  and  poorlv  bonded. 

1547 

8 

497 

8 

4 

4 

29 

9 

10 

64 

9 

27 

7 

13 

31 

6 

21 

L7 

6 

Good,  well  bonded. 

1549 

9 

525 

11 

5 

5 

38 

14 

11 

84 

8 

10 

2 

4 

15 

0 

6 

Loose,  poorly  bonded. 

1551 

10 

552 

3 

4 

6 

33 

10 

11 

67 

10 

22 

9 

10 

23 

0 

19 

L7 

5 

Good,  well  bonded. 

1653 

10 

585 

3 

2 

4 

37 

13 

10 

69 

9 

23 

5 

8 

19 

0 

15 

L8 

4 

Good,  fairly  well  bonded. 

1554 

10 

620 

1 

4 

6 

36 

11 

11 

69 

9 

22 

5 

9 

18 

0 

15 

1.8 

6 

Do. 

1555 

661 

4 

5 

7 

34 

11 

8 

69 

9 

20 

8 

8 

9 

0 

16 

L7 

8 

Good,  well  bonded. 

1556 

693 

8 

10 

7 

30 

11 

9 

75 

10 

16 

4 

7 

18 

0 

14 

1.7 

Smooth,  poorly  bonded. 

1558 

11 

720 

■^ 

7 

7 

26 

10 

12 

64 

12 

26 

7 

12 

23 

0 

19 

1.6 

5 

Fairly  smooth;  fairly  well  bonded. 

1559 

757 

8 

9 

6 

25 

12 

11 

71 

13 

15 

6 

7 

17 

0 

17 

L7 

5 

Loose,  very  poorly  bonded. 

1560 

785 

2 

5 

6 

30 

16 

13 

72 

11 

17 

5 

8 

20 

0 

18 

L7 

Do. 

SAMPLES  TAKEN  FROM  THE   SUBGRADE 


1565  7 

1548  !  8 

1552  I  10 

1557  I  11 


49  0 

497  0 

552  5 

693  1 


1  1  26  9 

4  I  26  8 
6  1  29  i       10 

5  1  23  7 


10  21 

U  21 

7  I  13 

8  14 


1.5 
1.6 
1.6 
L7 


'  Limiting  sizes  of  silt  and  clay  are  as  defined  for  use  in  testing  semigravel,  topsoil,  and  sand-clay  aggregate  for  road  surfacing,  U.  S.  Dept.  Agr.  Bui.  1216,  p.  16.    Per- 
centages of  silt  and  clay  are  bised  on  the  total  samples,  calculated  from  the  results  obtained  on  the  material  passing  the  10-mesh  sieve. 
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^f^^-i^^  4:.— Characteristics  oj  material  used  for  covering  on  surface    sweot,    rlpfln     noinn-    n    ,        i    •         u  r  n 

treatments  bwept  clean,   using  a  revolving  broom,   followed   by 

band   brooming.     The  bituminous  material  was  then 


TOPSOIL  ON  SFXTION  3 


Mechanical  analysis  of  granular  ma- 

terial 

Ma- 

terial 
No. 

Where  used,  stations 

No. 

No. 

No. 

Nn, 

Silt 

Clay 

h- 

No. 

in- 

20- 

60- 

100- 

mch 

10 

No. 
20 

No. 
60 

No. 
100 

No. 
200 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

1530 
1531 

Ul+32  to  85+00. 

\      1 

4 
3 

4 

7 

27 
33 
24 

13 
9 
10 

10 
0 
9 

13 
9 
10 

26 

I54I 

1     12 

3 

5 

27 

TOPSOIL  ON  SECTION  4 


1534     134+00  to  161+04. 


26 


TOPSOIL  ON  SECTION  5 


1538  1  255+00  to  279+84. 


29    11 


12  I    21 


S.^ND  ON  SECTIONS  3, 

i,  .\ND  5 

1542 

/85+00  to  131+00 

}      ^i        « 

25 

54 

4 

2 

2 

\16I+04  to  255+00 

3 

i 

Ma- 

Where used 

Character  of 
material 

Mechanical  analysis,  amount  retained 

terial 
No. 

I- 
inch 

mch 

inch 

meh 

No. 
10 

No. 
20 

27300 

Section  6 _. 

Sections  7,  8,  10  and 
on  9  from  station 
512  to  517. 

Section  9  from  sta- 
tion 517  to  533. 

Section  11. __ 

Biotite  gneiss. 
G  n  e  i  s  s  0  i  d 

Per 

cent 
11 
19 

Per 

cent 

39 

33 

Per 

cent 
81 
85 

11 
49 

Per 

cent 
98 
98 

57 
85 

Per 
cent 

Per 

cent 

26953 

26951 

D 

G 

f 

granite, 
jlomite.   ... 

93 

99 

26952 

neissoid 
;ranite. 

2 

17 

with  a  grader,  and  bituminous  material  was  applied  to 
the  surface  at  the  rate  of  one-half  gallon  per  square 
yard.  This  was  followed  by  disk  harrowing  several 
times,  after  which  the  topsoil  at  the  sides  of  the  road 
was  spread  over  the  treatment  with  the  grader.  Second 
and  third  applications  of  bituminous  material  were 
made,  both  similar  in  amount  to  the  first,  and  followed 
in  each  case  by  disk  harrowing,  mixing,  and  shaping 
with  a  grader.  In  mixing,  the  procedure  was  to  blade 
all  the  material  from  one  side  of  the  road  to  the  other, 
finally  shaping  the  surface  to  receive  the  next  applica- 
tion. 

After  the  surface  had  been  thoroughly  mixed  and 
shaped  it  was  gone  over  with  a  steel  drag.  This 
method  worked  very  well  for  both  sections,  the  surface 
being  completely  compacted  after  a  few  days  of 
occasional  dragging. 

Although  disking  did  not  prove  eft'ective  in  mixing, 
it  is  believed  that  a  small  amount  of  such  work  is 
beneficial  in  bringing  about  a  better  bond  between  the 
mixture  and  the  base  and  also  in  preventing  the  forma- 
tion of  a  rich  bituminous  mat  on  the  surface.  It  was 
found  that  such  a  mat,  if  permitted  to  form,  might 
later  peel  off  and  lead  to  the  formation  of  potholes. 

Exj^erimental  sections  3  and  4  were  both  constructed 
in  the  same  manner.     The  topsoil  road  surface  was 


added  in  two  apphcations,  the  first  being  made  at  the 
rate  ol  one-fifth  gallon  per  square  yard.  The  first 
application  was  covered  with  pulverized  topsoil  from 
the  shoulders  on  a  portion  of  these  sections,  w^hile  on 
the  remaining  portions  a  fairly  coarse  local  river  sand 
was  used. 

The  first  application  was  left  to  penetrate  and  con- 
solidate for  a  day  or  two,  after  which  such  portions  of 
the  surface  as  had  excess  covering  were  swept.  The 
second  appHcation  was  then  made  at  the  rate  of  0.18 
gallon  per  square  yard  and  covered  with  the  same 
material  as  had  been  used  after  the  first  apphcation. 
The  depth  of  the  surface  treatment  several  days  after 
completion  was  about  one-half  inch. 


Applying  Phimixu  Coat  to  the  Topsoil  Surf.\ce 


ifi.>        .i-'bs 


Ci= 


Stone  Covering  .Applied  Immediately  After  the 
Application  of  the  Hot  Top  Coat 

A  marked  difference  in  the  appearance  of  the  surface 
treatment  was  apparent  between  the  sections  where 
sand  covering  and  topsoil  covering  were  used,  the 
sanded  surface  appearing  richer  and  less  fragile. 

The  method  used  on  section  5  was  similar  to  that  on 
sections  3  and  4,  except  that  less  sweeping  was  done 
on  the  topsoil  surface  before  the  first  application  of  oil. 
Local  river  sand  was  used  in  covering  a  portion  of  this 
section,  and  on  the  remaining  portion  topsoil  from  the 
surface  of  the  shoulders  was  employed. 

A  small  amount  of  dragging  was  done  shortly  after 
the  completion  of  the  treatment  to  develop  a  smooth 
finished  surface,  but  continuous  machine  maintenance 
was  not  feasible  with  the  thin  surface  mat  formed  by 
the  single  treatment. 
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DOUBLE  TREATMENT  USED  ON  SIX  SECTIONS 

The  remaining  experimental  sections,  Nos.  6  to  11, 
inclusive,  were  all  of  the  double  surface-treatment  type. 
The  general  procedure  in  making  these  treatments  was 
to  sweep  the  topsoil  surface  clean  of  all  loose  material 
and  follow  with  a  priming  coat  of  a  light  tar  or  oil  at 
the  rate  of  one-fourth  gallon  per  square  yard.  Where 
holes  and  breaks  occurred  in  the  topsoil  surface,  repau-s 
were  made  after  the  priming  coat  had  been  applied. 
These  repairs  usually  consisted  of  filling  the  depression 
with  loose  stone,  but  m  the  case  of  very  bad  breaks  a 
bituminous  cold-patch  mixture  was  used.  Portions  of 
sections  6  and  11  required  a  large  amount  of  such 
repair  work. 

The  priming  coat  was  permitted  to  penetrate  and 
partially  set  up  for  a  day  or  two,  after  which  a  heavy 
tar  or  asphalt  was  applied  hot  at  the  rate  of  one-third 


gallon  per  square  yard  and  covered  immediately  with 
crushed  stone,  spread  by  hand  at  the  rate  of  45  pounds 
to  the  square  yard.  After  the  crushed  stone  had  been 
spread  the  surface  was  rolled  with  a  5-ton  roller  and 
opened  to  traffic.  For  a  period  of  two  or  three  weeks 
whUe  compaction  of  the  surface  was  taking  place, 
stone  thrown  to  the  sides  by  traffic  was  collected  and 
respread  in  places  where  bleeding  and  picking  up  indi- 
cated a  deficiency  of  covering. 

The  priming  material  used  on  sections  8  and  9  was 
a  cut-back  asphaltic  oil.  It  was  found  that  this  oil 
was  not  homogeneous,  and  great  difficulty  was  experi- 
enced in  applying  it,  as  the  distributor  nozzles  continu- 
ally clogged.  Only  the  thinner  oil,  which  appeared  to 
be  largely  the  original  cut-back  naphtha,  penetrated 
the  topsoil,  while  the  heavier  material  formed  a  mat 
on  the  surface. 


Table  5. — Tests  of  tars  used  on  experimental  sections 


Original  treatment 

Ee-treatment 

Laboratory  number                                . 

27157 

27159 

27153 

27154 

27198 

27199 

27201 

27683 

27706 

27769 

29071 

29072 

3  and  6 

1  and  4 

7  and  11 

7 

9  and  10 

10  and  11         11 

3  and  4 

7  and  10 

7, 9,  and  10 

3  and  4 

1 

Location  of  use,  stations 

[34+32  to 
J  108+24, 
1  279+84 
I    to  361 

0+00  to 
15+84, 

108+24  to 
161+04 

0+00  to 
82+50 

0+00  to 
82+50 

512  to  536, 
536  to 
622+50 

536  to  630, 
729  to 
791+25 

630  to  729 

34+32  to 
161+04 

38+00  to 
82+50, 

574+00  to 
622+00 

0+00  to 

38+00, 

512  to  574 

34+32  to 
161+04 

0+00  to 
15+84 

Specific  gravity,  25°  at  25°  C 

1.177 

.       1. 184 

1.186 

L23 

L231 

1.169 
48.7 
12.0 

1.158 
36.7 
11.3 

1.186 

L176 

1.145 
53.8 
11.4 

1.144 
67.0 
21.7 

1.133 
69.9 

Specific  viscosity,  Kngler,  40°  C 

8.6 

20.4 

12.4 

23.7 

18.9 

25.3 

Float  test,  32°  C.  (seconds) 

167 
69 

88.5 
11.4 
0.1 

0.0 

0.0 

2.25 

7.10 

3.66 

87.15 

42 

182 

Float  test,  50°  C.  (seconds) 

Bitumen  soluble  in  CSs per  cent.. 

Free  carbon do 

Inorganic  matter  insoluble                      do 

91.9 
8.1 
0.0 

1.6 

2.22 

5.06 

13.91 
5.87 

73.21 

30 

91.4 
8.6 
0.0 

1.4 

2.20 

6.23 

12.55 
6.52 

72.62 

45 

92.2 

7.7 
0.1 

1.2 

2.29 

7.07 

10.83 
6.49 

73.28 

34 

81.8 
18.1 
0.1 

0.0 

0.0 

2.47 

6.54 

4.73 

86.60 

49 

a8.o 

11.8 
0.2 

2.0 

2.79 

9.36 

10.90 
5.10 

71.84 

40 

89.6 
10.3 
0.1 

89.7 
10.2 
0.1 

94.75 
6.19 

94.2 
5.2 
0.1 

0.5 
0.61 
8.13 

13.05 
9.26 

68.80 

50 

91.1 

8.8 
0.1 

1.36 

4.7 
0.0 

Distillation: 

Water do 

Distilled  to  170°  0                   .         do 

2.4 
4.21 

1.34 

2.57 

4.1 
2.54 

170  to  235°  C do-.-- 

235  to  270°  C do 

270  to  300°  C - -.do 

Residue. _.. .do 

Softening  point,  residue  °C do 

6.26 
9.98 
5.83 

73.79 

38 

9.12 
11.50 

5.03 
72.94 
38 

4.83 
12.51 

6.24 
75.33 
30 

8.80 
12.  76 

6.76 
69.04 
38 

5.48 
15.60 

7.41 
68.70 
48 

Table  6. — Tests  of  oil  products  used  on  experimental  sections 


Original  treatment 

Re-treatment 

Laboratory  number 

27158  ' 

6 

279+84  to 

361+00 

27160 

5 

161+04  to 

279+84 

27161 

2 

15+84  to 

34+32 

27197 
8  and  9 
436to5]2, 
512  to  536 

27200 

8 

429+50  to 

512 

27202 

11 
700  to 
791+25 

27203 

11 

622+50 

to  700 

276S4 

2 

15+84  to 

34+32 

27685 
5  and  6 
161 +04  to 
353+00 

27705 

11 

622+50  to 

791+25 

27760 

8 

436+00  to 

512+00 

29073 

5 

161+04  to 

279+84 

29074 

Section 

2 

Location  of  use,  stations  -__ 

15+84  to 
34+32 

Specific  gravity  25°  at  25°  C 

Flash  point,  °C 

1.011 
195 

0.938 

105 

140 

73.7 

30.5 

0.939 
20 
31 
127.  5 
57.5 
48.6 

0.950 

28 

31 

329 

117 

1.031 
235 

1.032 
235 

1.031 
235 

0.  9496 

100 

160 

228.3 

55.7 

0.9496 

99 

160 

164.7 

48.3 

0.9473 

90 

150 

169.3 

44.19 

0.  9439 

30 

55 

84.7 

31.8 

0.955 
130 

0.953 
140 

Burning  point,  °C 

Specific  viscosity,  Engler,  25°  C... 

127.2 
42.3 

121  7 

Specific  viscosity,  Engler,  40°  C . 

"V 

40  5 

Specific  viscosity,  Engler,  50°  C. 

Specific  viscosity,  Engler,  100°  C . . 

82.8 

517 

336 

327 

332 

Float  test,  32°  C,  seconds. 

Float  test,  60°  C,  seconds 

1 

I                    "" 

Penetration,  25°  C,  100  grams,  5 
seconds 

165 
40 

161 
40' 

164 
40 

1 

Softening  point,  °  C 

Loss,  163°  C,  5  hours,  20  grams 
percent. 

1.23 

13.4 
Fluid. 

24.7 
1671 
200 

22.8 
516 
131 

23.0 

4122 

360 

21.3 
852 
237 

9.0 

9.5 

9.6 

32.2 

7.1 

7.0 

Residue,  float  test,  32°  C. seconds. 

Residue,  float  test,  50°  C do 

174 
.64 

8.0 

4.7 

8  0 

Loss,  163°  C,  5  hours,  50  grams 

10.4 
Fluid. 

.17 

.14 

.16 

5.7 

6.1 

6.1 

7.4 

4.1 

Residue,  float  test,  32°  C  .seconds 

Residue,  float  test,  50°  C....do.-. 

153 

- 

6.0 

6  0 

Residue,  penetration  25°  C,  100 
grams,  5  seconds 

139 

99.8 

.2 

.0 

23.6 

147 

99.8 

.2 

.0 

24.2 

146 

99.8 

.2 

.0 

23.5 

Bitumen  soluble  CSj per  cent- 
Organic  matter  insoluble do 

99.9 
.1 
.0 

21.5 

99.9 
.1 
.0 

12.7 

100. 0 
.0 
.0 

19.3 

99.8 
.2 
.0 

20.0 

100.0 

100.0 

99.9 
.1 
.0 

13.3 

100.0 

99.9 
.1 
.0 

7.6 

99.9 
.1 

Inorganic  matter  insoluble. .do 

Per  cent  bitumen  insoluble  in  86° 
B.  naphtha ■___ 

.0 
13.3 

.0 

12.3 

.0 

17.6 

.0 

.06 

'  Sample  No.  27158  contained  about  5  per  cent  adventitious  water.    Tests  made  after  dehydration  at  105°  C. 
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COST  DATA  KEPT  ON  VARIOUS  SECTIONS 

Cost  data  on  the  several  experimental  sections  are 
given  in  Tables  7  and  8.  The  costs  shown  do  not 
include  charges  for  overhead  or  rental  of  equipment. 
The  unit  cost  of  constructing  experimental  sections  1 
and  2  is  high,  but  would  probably  be  less  on  larger 
sections. 

Unit  costs  of  materials  and  labor  used  on  these 
sections  were  as  follows : 

Oil  for  cold  and  hot  application  at  refinery 

per  gallon.. 

Tar  for  cold  and  hot  appHcation,  delivered.  _do 

Stone,  IK  inches   to    one-fourth   inch,    delivered.. 

.per  ton. 


patrol  maintenance  has  consisted  largely  of  repairing 
breaks  in  the  surface,  using  the  same  materials  as  were 
used  in  the  original  treatment.  In  patching  the 
double  surface-treated  sections,  good  results  were 
obtamed  with  the  original  hot  application  materials 
and  also  with  commercial  cold  patching  products. 


$0.  05 
.  1281 

2.  05 
Common  labor,  per  day  of  10  hours 1.  75-1.  90 

Table  7. — Cost  per  square  yard  of  various  items  on  sections  1  to  6 


Section  No 

1 

2 

» 

4 

^ 

6 

Covering  material— 

Top- 
soil 

Top- 
soil 

Top- 
soil 

Sand 

Top- 
soil 

Sand 

Top- 
soil 

Sand 

inch 

stone 

Area  (square  yards) 

3,516 

4,103 

11,262 

5,148 

5,998 

5,724 

5,520 

20,854 

17,582 

Labor  preparing  road- 
way           -    -     

Cents 
0.64 

Cents 
0.58 

Cents 
1.23 

Cents 
1.23 

Cents 
0.35 

Cents 
0.35 

Cents 
0.26 

Cents 
0.26 

Cents 
0  88 

Heating  bitominous  ma- 
terial   

28 

Applying     bituminous 
material... 

Hauling  covering  mate- 

.46 

.58 

.32 

.32 

.90 

.40 
4.54 

.13 

.13 
5.  .9 

.13 
.49 

.13 

5.19 

.13 
.19 

"i.'se' 
.73 

.13 
.41 
.19 

i.'se" 
.73 

.56 
1. 10 

Applying  covering  ma- 

terial-.. 

Tar,  delivered 

Oil,  cold  application 

1.44 
18.93 

.81 

7.61' 

.40 
4.54 

.39 
3.15 

Freight  on  above       ..     . 

2.60 

1.60 

.58 

Cover  materiaL 

5. 18 

Fuel,  oil,  etc 

Miscellaneous 

1.28 
.55 

1.  76  1     .  73 
.  68  I     .15 

.73 

.15 

.23 
.30 

.23 
.30 

.54 

.42 

.54 

.42 

.83 
.72 

Total  cost  per  square 
yard  (cents) 

23.30 

14.62 

7.37 

8.27 

6.33 

6.82 

4.13 

4.54 

15.27 

Cost   per  mile,    20 
feet  wide  (dollars). 

2,735 

1, 715       860 

970 

745 

800 

485 

535 

1,790 

Table  8. — Cost  per  square  yard  of  various  items  on  sections  7  to  11 


Section  No 

7 

8 

9 

10 

11 

Covering  material 

Stone 

Stone 

Stone 

Chats 

Slag 

Slag 

stone 

Stone 

Area  (square  yards) 

19,950 

16,044 

1,056 

3,378 

633 

3,589 

14,672 

35,625 

Labor 

Cents  \  Cents 
2.  74       2.  74 

Cents 
2  74 

Cents 
2.74 

Cents 
2.74 

Cents 

2.74 

2.823 

.059 
5.76 

.121 

Cents 

2.74 

2.823 

.059 
5.76 

.121 

Cents 
2  74 

Tar  for  cold  application. 
Freight  on  above 

2  823 

2.823 

.059 

5.76 

.121 

.059 

Tar  for  hot  application.. 

Freight  on  above 

Oil  for  cold  application. 

'i."833' 

.686 

2.028 

.760 

2,982 

2.491 

5.76 
.121 

1.833 
.686 

5.76 
.121 

1.833 
.686 

5.76 
.121 
1  833 

.686 

2.028 

Freight  on  above 

.760 

2.982 
2.491 

2.982 
2.491 

1 

2.982 
2.491 

2.982 

Freight  on  above 

1 

2.491 

4.07 
4.56 

1.  933  i  1.  933 
4.  00       4.  00 



Fuel  and  steam 

.3445 
.  5655 

17.89 

.3445 

.3445 

.3445 
.5655 

.  3445 
.  .'5655 

17.98 

.3445 
.  5655 

18.45 

.3445 
.  5655 

.  3445 

Miscellaneous 

.  5655 

.5655 

.  5655 

Total     cost    per 
square    yard 
(cents) — 

14.43 

17.  52 
2,055 

20.68 

17.89 

14.79 

Cost  per  mile,  20 
feet  wide  (dol- 
lars)  

2,100 

1,695 

2,425 

2, 110     2, 165 

2,100 

1,735 

SERVICE  HISTORY  OF  THE  EXPERIMENTAL  SECTIONS  DESCRIBED 

Since  the  original  treatment  of  these  sections  in 
July,  1925,  some  retreatment  has  been  necessary  and 
all  sections  have  been  under  patrol  maintenance.     The 


Tar  Mixed  Section  Without  Seal  Coat  Shortly  After 
Construction 

Most  of  the  retreatments  were  as  had  been  originally 
planned.  In  most  cases  they  were  for  the  purpose  of' 
sealing  the  surface  or  of  thickening  and  strengthening 
the  original  treatment.  On  several  sections,  however, 
the  work  amounted  to  reconstruction.  Table  9  sum- 
marizes the  nature  and  cost  of  the  work  done  on  the 
experimental  sections  to  June,  1927.  A  description  of 
this  work  up  to  August,  1927,  and  a  survey  of  the  con- 
dition of  the  sections  at  that  time  is  given  below  in 
some  detail. 

The  experiments  in  Anderson  County  (sees.  1  to  6) 
have  carried  much  less  traffic  than  those  in  Spartan- 
burg County.  Counts  made  on  the  Anderson  County 
experiments  during  the  months  from  January  to  Sep- 
tember of  1927  showed  an  average  of  456  vehicles  and 
a  maximum  of  935  for  the  12-hour  period  from  7  a.  m. 
to  7  p.  m. 

The  traffic  on  the  Spartanburg  sections  has  greatly 
increased  since  the  experiments  were  completed. 
Traffic  counts  made  by  the  State  on  week  days  during 
five  summer  months  of  1924  before  these  treatments 
were  made,  showed  an  average  of  636  and  a  maximum 
of  800  vehicles  for  the  12-hour  period  from  7  a.  m.  to 
7  p.  m.,  while  a  similar  count  during  the  same  period 
of  1926  gave  an  average  of  834  and  maximum  of  1,082 
vehicles. 

SECTION    I 

A  few  months  after  this  section  was  subjected  to 
traffic,  evidence  of  nonuniform  mixing  developed. 
Corrugations  denoting  excessive  richness  appeared  in 
some  places  and  in  others  leanness  was  indicated  by 
raveling.  A  light  seal-coat  treatment  consisting  of  tar 
of  a  specific  viscosity  at  40°  C.  of  18  to  25  was  applied 
at  the  rate  of  one-fifth  gallon  per  square  yard  and 
covered  with  sand.  This  treatment  prevented  further 
raveling  but  the  mixture  continued  to  be  highly  un- 
stable in  certain  areas. 

This  section  was  maintained  through  the  year  1926 
by  patching  and  cutting  down  corrugations,  but  in 
March,  1927,  it  was  apparent  that  furtlier  maintenance 
of  this 'character  would  not  be  justified.  The  surface 
was  scarified  to  a  depth  sufficient  to  produce  a  surface 
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layer  3^  inches  m  thickness.  An  application  of  tar  at 
the  rate  of  1.1  gallons  per  square  yard  was  required  on 
account  of  the  greater  depth  of  the  new  surface  layer 
and  extreme  care  was  taken  to  secure  a  homogeneous 
and  uniform  mixture.  After  the  surface  had  been 
exposed  to  traffic  for  a  few  days  a  seal-coat  apphcation 
of  onc-fiftli  gallon  of  tar  per  square  yard  was  applied 
and  covered  with  sand. 

The  reconstructed  section  appears  to  have  been  very 
successful.  Neither  ravehng  nor  evidences  of  insta- 
bihty  have  developed.  The  seal  coat  exhibited  a 
tendency  to  peel  oft',  due  probably  to  the  blotting  action 
of  the  fine  sand  cover  which,  with  the  tar,  formed  a 
lean  mat  which  did  not  adiiere  closely  to  the  mixture 
beneath. 

SECTION    2 

The  quick-curing  oil  used  on  this  section  produced  a 
more  brittle  mixture  than  was  desired.  It  was  in- 
tended that  the  surface  should  possess  sufficient  plas- 
ticity to  be  self-sealing.  However,  the  mixture  proved 
to  be  lean  except  in  spots  where,  due  to  the  nonuni- 
formity  of  composition,  the  surface  corrugated.  Late 
in  the  fall  of  1925  the  entire  section  was  scarified  and 
remixed,  the  mixture  being  enriched  by  the  addition  of 
1 . 1  gallons  per  square  yard  of  the  slow-curing  oil  used 
in  the  construction  of  section  5. 

Throughout  the  winter  this  section  remained  smooth 
and  well  bonded,  but  with  the  advent  of  warm  weather, 
instabiHty  developed  and  the  surface  rutted  and 
corrugated  badly.  It  was  evident  that,  although 
satisfactory  under  winter  conditions,  this  mixture 
was  too  rich  to  withstand  traffic  during  the  summer 
months. 

The  section  was  reconstructed  in  March,  1927,  by 
scarifying  and  adding  1.1  gallons  per  square  yard  of 
slow-curing  oil.  Mixing  was  carried  to  a  depth  of 
about  33^  inches,  thus  producing  a  much  leaner  mixture 
despite  the  addition  of  more  oil.  As  a  protection  to  the 
surface  from  the  abrasive  action  of  traffic,  one-fifth 
gallon  per  square  yard  of  the  same  oil  was  applied  and 
covered  with  fine  sand. 

This  surface  appUcation  acted  much  the  same  as  that 
on  section  1,  peehng  off  badly  within  a  few  weeks  and 
it  appeared  that  reseahng  would  be  required  in  the  near 
future. 

SECTIONS    3    AND    4 

The  portions  of  these  experiments  upon  which  topsoil 
cover  was  used  originally,  broke  up  badly  shortly  after 
construction  and  were  scarified  and  refinished  as  topsoil 
surfaces  and  left  to  consolidate  for  four  months  and 
then  retreated.  The  sand-covered  portions  remained 
in  fair  condition. 

In  pursuance  of  the  original  plan  to  develop  a  mat  of 
appreciable  thiclvness  by  subsequent  treatments,  the 
entire  surface  of  both  experiments  was  treated  with 
tar  of  18  to  25  specific  viscosity  at  40°  C.  during  the 
following  fall.  The  areas  which  had  been  scarified 
were  given  about  one-third  gallon  per  square  yard  and 
about  one-fourth  gallon  per  square  yard  was  applied 
to  the  remainder.  Sand  was  used  as  the  mineral  cover 
throughout. 

The  bituminous  mats  on  these  experiments  were  thin 
and  rather  brittle  and  suffered  severely  from  the  steel- 
tire  traffic  to  which  they  were  subjected.  This  condi- 
tion was  more  prevalent  on  areas  of  the  road  where 
the  topsoil  was  not  well  bonded. 

In  March,  1927,  those  portions  which  had  given 
particular  trouble,   aggregating  about  one-half  mile, 
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were  re-treated  with  0.4  gallon  of  tar  per  square  yard. 
At  the  same  time  the  remainder  of  the  sections  were 
more  lightly  treated  with  one-fourth  gallon  per  square 
.yard.  1  he  tar  was  of  13  to  18  specific  viscosity  at  40° 
C  and  sand  was  used  as  the  cover. 

In  general,  these  sections  were  in  good  condition 
1  he  mat  proved  stable  and  as  weak  spots  were  gradually 
corrected  the  amount  of  maintenance  required  to  keep 
them  in  repair  decreased. 


Tar  Penetration  Treatment  on  Sections  3  and  4. 
The  Thin  Brittle  Surface  Broke  and  Scaled 
Badly  During  the  First  Year  but  Was  Materially 
Strengthened  by  Later  Re-treatments 

section  5 

This  section  was  in  good  condition  in  November, 
1925,  although  a  few  breaks  had  occurred  in  the  oil 
mat.  Following  the  original  plan  of  thickening  this 
mat  by  repeated  treatments,  an  application  of  one- 
fifth  gallon  of  the  original  slow-curing  oil  per  square 
yard  was  made  and  covered  with  sand.  The  surface 
remained  generally  in  good  condition  during  the  sum- 
mer and  winter  of  1926.  Minor  breaks  developed  early 
in  1927  and  during  Mai'ch  of  that  year  the  section  was 
again  re-treated  as  before.  At  the  time  of  inspection 
the  section  was  in  excellent  condition.  It  appeared 
likely  that  little  maintenance  would  be  required  for 
some  time. 

section    6 

A  large  portion  of  the  topsoil  surface  on  this  section 
was  poorly  bonded.  In  such  places  the  surface  treat- 
ment failed  in  many  instances  and  made  a  large  amount 
of  patching  necessary  during  the  first  few  months. 

For  the  purpose  of  strengthening  and  resealing  the 
mat,  a  treatment  of  one-fifth  gallon  per  square  yard 
of  slow-drying  oil  and  sand  was  applied  in  November, 
1925,  to  the  whole  section  with  the  exception  of  800 
feet  at  the  west  end.  The  untreated  portion  was  in 
relatively  good  condition  and  it  was  desired  to  observe 
its  behavior  during  the  winter 

Numerous  breaks  developed  in  the  surface  mat  along 
the  edges  during  the  summer  of  1926,  and  were  un- 
doubtedly due  to  poor  support  by  the  topsoil.  The 
repair  of  these  defects  and  subsequent  ordinary  main- 
tenance has  kept  the  experiment  in  good  condition  and 
when  last  inspected  no  further  general  re-treatment  was 
thought  to  be  necessary  in  the  near  future. 

section    7 

The  first  3,800  feet  of  this  section  was  in  excellent 
condition  late  in  the  fall  of  1925  and  was  permitted  to 
go  thi'ough  the  winter  without  re-treatment.  The 
remaining  portion  of  the  surface  had  developed  numcr- 
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ous  breaks  and  was  therefore  given  an  application  of 
tar  of  18  to  25  specific  viscosity  at  40°  C.  at  the  rate 
of  one-fifth  gallon  per  square  yard.  This  material  was 
applied  cold  and  was  covered  with  sand. 

The  latter  portion  remained  in  excellent  condition 
d\u-ing  the  winter  but  considerable  patching  was 
required  on  the  part  upon  which  the  fall  re-treatment 
had  been  omitted.  In  March  of  1926  this  area  was 
given  an  application  of  tar  at  the  rate  of  one-fifth  gallon 
per  square  yard  and  covered  with  sand. 

The  condition  of  this  experiment  has  since  continued 
entirely  satisfactory. 

SECTION    8 

This  section  was  not  given  a  re-treatment  in  the  fall 
of  1925  with  the  result  that  a  large  amount  of  patching 
was  required  during  the  winter  and  early  spring. 

A  re-treatment  consisting  of  one-fifth  gallon  of  a 
medium  quick-curing  oil  per  square  yard  with  a  cover- 
ing of  sand,  was  apphed  during  March,  1926.  The 
surface  has  since  continued  in  excellent  condition  and, 
when  last  inspected,  was  not  regarded  as  likely  to 
require  early  re-treatment. 

SECTION    9 

The  surface  of  this  section  was  smooth  and  showed 
no  defects  in  the  fall  of  1925.  The  portion  covered 
with  dolomite  chats  had  an  appearance  resembling  a 
Topeka  pavement,  while  that  on  which  coarse  slag 
was  used  possessed  a  rough  and  granular  texture. 

Although  some  patching  was  required  during  the 
first  winter  after  construction  on  the  portion  covered 
with  chats,  its  condition  was,  in  general,  much  better 
than  that  on  which  coarse  slag  was  used. 

The  entire  section  was  given  a  re-treatment  of  tar  of 
8  to  13  specific  viscosity  at  40°  C.  and  a  sand  cover 
during  March,  1926.  The  re-treatment  resulted  in 
marked  improvement  of  the  surface,  and  its  subsequent 
behavior  has  been  entirely  normal  and  satisfactory. 

SECTION    10 

The  surface  between  stations  574  +  50  and  622  +  50 
was  treated  during  the  late  fall  after  construction  with 
one-fifth  gallon  of  tar  of  13  to  18  specific  viscosity  at 
40°  C.  and  covered  with  sand.  All  of  this  section  was 
not  treated  as  it  was  desired  to  retain  the  i"ough, 
granular  surface  of  the  slag  portion  over  the  winter 
and  at  the  same  time  secure  information  as  to  the  need 
for  the  early  re-treatment. 

The  portion  of  the  surface  which  had  not  been  treated 
in  the  fall  developed  many  breaks  during  the  winter. 
These  breaks  were  repaired  during  March,  1926,  and 
the  surface  sealed  with  an  application  similar  to  that 
applied  to  the  other  portion  during  the  fall.  The 
entire  section  was  in  good  condition  at  the  time  of 
inspection. 

SECTION    11 

The  surface  of  the  north  half  of  this  section  broke  up 
badly  during  the  first  year  after  construction.  On  the 
remainuig  portion  where  the  underlying  topsoil  was 
relatively  well  bonded  the  surface  was  in  much  better 
condition. 

A  surface  treatment  was  applied  during  November, 
1925,  using  a  slow-drying  road  oil.  The  oil  was  covered 
with  sand  except  for  two  short  sections  upon  which  stone 
chips  were  used. 


The  surface  of  this  experiment  has  continued  in 
good  condition  except  for  a  stretch  of  about  1  mile  on 
which  the  topsoil  was  loosely  bonded  and  unsuitable 
for  this  type  of  construction. 

EXPERIENCE     INDICATES    IMPROVEMENTS    IN     METHODS    OF 
DOUBLE-SURFACE  TREATMENT 

Observation  of  the  behavior  of  the  different  sections 
since  the  time  of  construction  has  suggested  several 
changes  in  the  character  of  the  bituminous  materials 
and  methods  of  construction,  which  it  is  believed  would 
improve  the  surface.  In  a  few  cases  such  changes  have 
been  carried  out  in  reconstruction.  The  following  dis- 
cussion touches  on  such  factors  as  appear  from  the 
results  of  these  experiments  to  have  an  important  effect 
on  the  results  secured  with  the  different  treatments. 


A    Well    Bonded    Topsoil     Surface     Suitable    for 
Double  Surface  Treatment 

A  well-bonded  surface  with  good  support  is  essential 
for  the  double-surface  treatment  of  the  kind  used  on 
sections  6  to  11,  inclusive.  Local  surface  failures 
which  have  occurred  in  these  experiments,  developed 
where  the  topsoil  surface  was  poorly  bonded.  Such 
areas  may,  of  course,  be  anticipated  in  any  topsoil  road, 
but  a  period  of  constant  and  patient  maintenance  will 
generally  result  in  a  satisfactory  bituminous  surface. 

A  priming  coat  seems  to  be  desirable  for  this  type  of 
construction  in  order  to  secure  a  good  bond  between 
the  surface  bituminous  mat  and  the  topsoil,  although 
on  a  short  portion  of  section  6  where  the  priming  coat 
was  omitted,  the  surface  is  still  in  perfect  condition. 
On  this  area,  however,  the  application  of  hot  material 
was  heavier  than  the  rest  and  a  thicker  mat  was  origi- 
nally formed.  Tar  of  8  to  13  specific  viscosity  at  40°  C. 
was  used  as  primer.  On  well-bonded  topsoil  surfaces 
the  penetration  obtained  ranged  from  one-quarter  to 
three-eighths-inch.  Greater  penetration  seemed  to  be 
obtained  when  the  topsoil  surface  was  slightly  moist  than 
when  it  was  dry  and  somewhat  dusty.  Both  tar  and 
asphaltic  oil  were  used  for  binder,  and  one-third  gallon 
per  square  yard  seemed  to  be  about  the  correct  amount. 
In  one  case  shoving  developed  where  0.45  gallon  per 
square  yard  was  used.  Both  tar  and  asphaltic  oil  seem 
to  be  equally  satisfactory  in  producing  a  well-bonded 
topsoil  surface. 

A  fragile  granite  ranging  from  3^  to  1^  inches  in 
size  was  used  for  covering  on  most  of  the  double 
surface-treatment  experiments.  This  stone  crumbled 
to  a  much  smaller  size  under  rolling  and  early  traffic. 
Where  a  hard,  tough  slag  of  the  same  size  was  used 
the  surface  remained  open  and  rough.  Evidently  the 
size  used  was  too  large  for  this  type  of  surface  treatment 
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except  in  the  case  of  the  stone  which  broke  up  readily. 
For  a  stone  of  fairly  tough  character,  M  to  ^  inch  in 
size  should  prove  more  suitable. 

A  supplementary  treatment  which  will  seal  any  small 
breaks  or  areas  not  sufficiently  covered  by  the  first 
application  of  heavy  material  has  been  shown  to  be 
desirable  before  the  original  treatment  goes  through 
the  first  winter.  On  several  areas  where  this  treatment 
was  omitted,  increased  maintenance  was  needed. 

Further  experimental  work  will  be  required  to  deter- 
mine the  types  of  materials  most  suited  for  supple- 
mentary treatments.  Two  grades  of  road  oil,  slow- 
drjdng  and  quick-drying,  respectively,  and  refined  tar 
of  8  to  13  and  18  to  25  specific  viscosity  at  40°  C.  were 
used  for  this  purpose.  In  some  cases  the  sections 
re-treated  with  a  cold  application  of  oil  showed  somewhat 
uneven  covering,  due  probably  to  the  shearing  action 
of  traffic  on  the  thin  soft  mat  before  it  had  bonded 
firmly.  In  the  case  of  the  slow-curing  oil,  brooming 
the  sand  covering  occasionally  for  a  few  days  following 
the  treatment  seems  to  aid  in  securing  a  more  uniform 
surface  mat.  Of  the  two  tars,  the  heavier  seems  to 
have  given  a  better  seal.  It  is  possible  that  too  much 
covering  material  was  used  for  these  light  bituminous 
matei'ials. 

The  purpose  of  the  original  seal  coat  is  primarily  to 
seal  the  surface,  while  later  treatments  may  be  required 
for  this  purpose  and  also  to  increase  the  plasticity  of 
the  bituminous  mat  and  to  add  to  its  thickness.  It 
seems  that  such  results  might  best  be  obtained  with  an 
occasional  light  application  of  a  heavier  grade  of  tar  or 
a  cut-back  oil  prepared  from  an  adhesive  asphalt  base. 

The  character  of  the  mineral  cover  is  as  important 
as  the  bituminous  material.  A  clean,  coarse  sand  or 
stone  or  slag  chips  not  exceeding  one-half  inch  in 
maximum  size  is  probably  best  suited  for  the  purpose. 


An  Example  of  Excessive  Scaling  Due  to  the  Improper 
Selection  of  Surface  Treatment  Materials 

Sparing  use  of  coarse  sand  is  preferable  if  the  object  is 
to  reseal  or  enrich  the  surface.  Coarser  material  applied 
more  heavily  should  be  used  in  thickening  or  correcting 
inequalities  in  the  earlier  treatments.  The  above  illus- 
tration of  similar  work  on  a  neighboring  project  shows 
an  extreme  case  where  materials  selected  for  re-treat- 
ments were  not  suitable  for  use  on  the  hard  smooth  sur- 
face of  the  original  treatment. 

MAINTENANCE  AN  IMPORTANT  FACTOR 

The  double-treated  sections  have  received  only  one 
re-treatment  which  was  apphed  primarily  to  seal  the 
surface.     On  a  few  of  the  experiments  this  was  applied 


before  the  first  winter,  while  on  others  re-treatment 
was  not  made  until  a  year  after  the  original  construc- 
tion. The  question  of  how  often  such  treatments  will 
be  required  for  the  purpose  of  sealing  and  adding  life 
and  thickness  to  the  bituminous  mat  has  not  been 
answered.  South  Carolina  has  several  miles  of  this 
type  of  surface  which  have  been  in  service  for  three 
years  and  have  received  only  the  first  're-treatment. 
It  is  possible  that  a  re-treatment  as  often  as  every 
other  year  may  prove  economical  by  keeping  the 
patrol  maintenance  cost  at  a  minimum. 


Appearance  of  Double  Surface  Treatmkxt  Shortly 
After  Construction.  Patrol  Mai.vtenaxce  Needed 
AT  THIS  Stage  to  Respread  Loose  Covering  and  Repair 
Broken  Places 

The  degree  of  success  to  be  obtained  by  this  method 
depends  almost  as  much  upon  correct  maintenance  as 
upon  the  original  treatments.  The  careful  attention 
devoted  to  details  of  construction  must  not  be  relaxed 
in  maintenance  if  the  greatest  benefits  are  to  be  derived. 

Patrol  maintenance  was  found  to  be  necessary  imme- 
diately after  the  treated  surfaces  were  opened  to  traffic. 
It  is  very  important  to  repair  early  breaks  and  respread 
such  stone  as  may  be  displaced  under  traffic.  The 
cost  of  such  maintenance  is  high  during  the  first  six 
months  but  thereafter  decreases  greatly. 

A  large  portion  of  the  patrol  maintenance  consisted 
of  repairing  breaks  occurring  along  the  edges.  Such 
breaks  developed  frequently  at  places  where  the  top- 
soil  had  not  been  well  bonded  previous  to  applying  the 
surface  treatment.  A  substantial  reduction  in  the 
maintenance  cost  on  surface  treatments  of  this  type 
will  result  if  some  method  can  be  devised  for  strength- 
ening this  portion  of  the  surface.  The  South  Carolina 
highway  department  is  at  present  experimenting  with 
various  methods  of  edge  thickening.  However,  until 
a  more  adequate  method  is  developed,  good  results  can 
be  expected  from  widening  the  surface  and  treating 
to  a  greater  width. 

Maintenance  costs  on  the  3-year-old  double  surface- 
treatment  experiments  of  the  State  highway  depart- 
ment indicate  the  decided  economy  of  such  treatments 
in  comparison  with  untreated  surfaces,  which  for  the 
same  traffic  conditions  cost  on  the  average  from  $500 
to  $600  per  mile  per  year.  The  present  work  was,  of 
course,  relatively  expensive  during  the  year  immediately 
following  construction,  but  during  the  last  six  months 
the  costs  have  been  low,  substantiating  the  conclusion 
that  with  proper  attention  to  maintenance  ultimate 
economy  may  be  confidently  expected. 
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Based  on  the  successful  results  obtained  with  this 
type  of  treatment,  South  Carolina  has  recently  treated 
a  considerable  mileage  of  well-bonded  topsoil  roads 
with  double  surface  treatment. 

KNCOURAGING    RESULTS    SECURED    WITH    MIXING    METHOD    ON 
POORLY  BONDED  SURFACES 

A  large  mileage  of  the  topsoil  roads  has  poorly 
bonded  surfaces.  It  was  hoped  to  develop  a  mixing 
treatment  suited  to  this  condition.  At  first  it  was 
thought  that  the  mixture  should  be  sufficiently  rich  in 
bitumen  to  seal  itself  under  traffic.  However,  experi- 
ments based  upon  this  theory  proved  unsatisfactory 
because  of  the  shoving  that  developed.  In  the  recon- 
struction of  such  sections  a  lean  mixture  was  used  and 
a  seal  coat  added.  The  indications  are  that  his  latter 
construction  gives  a  more  stable  mixture  protected  by 
a  richer  and  better  sealed  surface. 


A  Topsoil  Surface  Loosely  Bonded  and  Not  Suitable 
FOR  Double  Surface  Treatment.  A  Slow-Drying 
Oil  Penetration  or  Mixed  Treatment  Would  Be 
Better  for  This  Condition 

Tests  made  on  the  original  mixture  taken  from  the  sur- 
face showed  from  5  to  7  per  cent  of  bituminous  binder. 
Shoving  had  taken  place  where  the  binder  occurred  in 
excess  of  6  per  cent.  With  the  type  of  soil  which  con- 
stituted the  surfacing  of  the  mixed  sections,  about 
1.5  gallons  per  square  yard  of  nonvolatile  binder  is 
required  to  produce  a  stable  mixture  of  2-incli  thickness. 
This  quantity  of  bitumen  was  insufficient  to  thoroughly 
coat  the  grains  of  the  clay-bearing  aggregate  used  on 
the  mixed  sections  and  the  bond  was  derived  in  part 
from  the  clay.  Other  experiments  have  shown  that 
in  the  absence  of  clay  a  sufficient  amount  of  bituminous 
binder  must  be  provided  to  entirely  coat  the  particles. 
Relatively  clean,  very  fine  sandy  soils  may  require  as 
high  as  10  or  11  per  cent  by  weight  of  bitumen. 

These  amounts  are,  of  course,  exclusive  of  the  bitu- 
minous material  required  for  surface  enrichment  or 
seal  coating.  The  body  of  the  base  mixture  is  fragile 
and  easily  abraded  and  must  be  protected  against  the 
action  of  traffic  and  weather.  In  case  a  highly  volatile 
cut-back  bituminous  product  is  used  in  the  mixture,  an 
excess  must  be  provided  to  compensate  for  the  loss  of 
fluxing  material  through  volatilization. 

Refined  tar  of  18  to  25  specific  viscosity  at  40°  C. 
was  used  on  section  1.  On  section  2  a  quick-drying 
road  oU  was  used  in  the  original  treatment  and  a  slow- 
drying  oil  in  the  later  re- treatment.  The  tar  and 
quick-drying  oil  behaved  similarly,  both  producing 
mixtures  which  soon  became  brittle.  The  slow-drying 
oil  was  substituted  in  the  re-treatment  of  section  2  in 
order  to  adapt  it  to  machine  maintenance. 


Although  no  particular  diflEiculties  were  experienced 

in  the  construction  of  these  sections,  care  is  needed  in 
mixing  and  compacting  to  prevent  the  formation  of 
rich  and  lean  layers,  which  tend  to  occur  when  com- 
paction of  the  full  depth  is  attempted  in  one  operation. 
This  tendency  was  largely  overcome  by  progressively 
buildmg  up  the  surface  layer.  After  spreading  the 
mixture  to  the  full  depth,  all  except  a  thin  layer  was 
bladed  off.  Again  the  material  was  spread  over  the 
road  and  again  it  was  removed,  leaving  an  added 
thickness  above  that  which  first  remained.  This 
process  was  repeated  until  the  full  depth  was  attained. 
The  results  obtained  to  date  on  these  two  sections 
do  not  conclusively  establish  the  value  of  this  type  of 
treatment  but  the  indications  are  encouraging  where 
the  lean  mixture  and  surface  enrichment  method  has 
been  used. 

COLD  SURFACE  TREATMENT  WITH  SLOW-DRYING  OIL  SUITED  FOR 
SPECIAL  CONDITIONS 

Sections  3  and  4  were  treated  originally  with  tar  of 
8  to  13  and  18  to  25  specific  viscosity  at  40°  C,  respec- 
tively. In  the  later  treatment  both  experiments  were 
combined,  using  the  heavier  tar.  These  sections  have 
required  a  large  amount  of  maintenance.  The  thin 
mat  is  brittle  and  breaks  very  often,  particularly 
under  steel-tire  traffic.  Both  sections  are  in  fairly 
good  condition  at  present  and  will  probably  require 
much  less  attention  in  the  future.  However,  future 
possibilities  of  this  type  of  treatment  can  not  be 
considered  entirely  satisfactory  in  view  of  the  accu- 
mulated maintenance  costs. 

Section  5  is  similar  to  sections  3  and  4,  except  that  in 
this  section  a  slow-drying  oil  was  used.  It  was  hoped 
that  by  using  this  material  machine  maintenance 
could  be  used.  This  was  found  to  be  impossible 
without  breaking  the  thin  surface  mat.  The  present 
condition  of  the  section  is  very  good.  The  built-up 
mat  is  plastic  and  does  not  break  as  readily  as  that 
containing  tar.  Considering  the  present  condition, 
together  with  the  cost  to  date,  this  treatment  can  be 
regarded  as  satisfactory  for  use  on  roads  carryinglight 
traffic  or  as  a  temporary  expedient  on  heavy-trafiic 
routes. 

TESTS  WARRANT  CERTAIN  CONCLUSIONS 

Results  obtained  with  the  different  experimental 
treatments  up  to  this  time  seem  to  warrant  the  follow- 
ing general  conclusions: 

A  double  surface  treatment  composed  of  a  prime  coat 
followed  with  a  bmder  coat  of  heavy  bituminous  ma- 
terial and  mineral  covering  is  a  successful  and  econom- 
ical treatment  for  soil-type  roads,  provided  the  surface 
is  well  supported  and  bonded. 

Surface  treatments  of  well  bonded  topsoil  roads  with 
light  tar  are  not  likely  to  be  successful,  as  a  thin  fragile 
mat  is  formed  which  breaks  excessively  under  traffic. 

Surface  treatments  of  well-bonded  topsoil  roads 
with  light  slow-drying  oU,  which  forms  a  plastic  mat, 
are  likely  to  prove  successful  under  light  traffic  or, 
for  a  limited  period,  under  heavier  traffic. 

Results  on  mLxed  treatment  experunents  are  in- 
conclusive, but  indicate  the  probable  success  of  lean 
mixtures  supplemented  by  surface  enrichment. 

A  light  supplementary  application  of  bituminous 
material  which  will  enrich  the  surface  and  at  the  same 
time  seal  any  small  breaks  or  areas  not  sufficiently 
covered  has  been  found  to  be  necessary  shortly  after 
the  original  treatment. 


THE  ACTION  OF  SULPHATE  WATER  ON  CONCRETE^ 

FURTHER  TESTS  OF  SPECIMENS  IMMERSED  IN  MEDICINE  LAKE.  S.  DAK. 

Reported  by  DALTON  G.  MILLER,  Drainage  Engineer,  U.  S.  Bureau  of  Public  Roads 


Tests  on  concrete  cylinders  immersed  in  the  sulphate 
waters  of  Medicine  Lake,  S.  Dak.,  for  periods  up  to 
three  _  and  one-half  years  have  yielded  considerable 
additional  data  to  that  contained  in  the  report  on  the 
tests  made  at  the  end  of  one  year's  immersion .^  As 
pointed  out  in  the  earlier  report,  these  experiments 
were  designed  principally  to  aid  in  the  general  improve- 
ment of  farm  draintile  and  particularly  to  develop 
tile  that  will  endure  under  the  wide  range  of  soil  con- 
ditions peculiar  to  Minnesota.  The  results  are  appli- 
cable, however,  to  many  other  sections  of  the  United 
States  and  to  concrete  culvert  pipe  subjected  to  the 
action  of  sulphate  waters  under  conditions  similar  to 
those  to  which  draintile  are  subjected. 

In  carrymg  out  the  field  tests,  several  hundred  con- 
crete cylinders  of  various  materials  and  treatments 
were  immersed  in  Medicine  Lake,  S.  Dak.  The 
laboratory  routine  of  making  the  cylinders  and  the 
conditions  of  exposure  were  discussed  in  the  first  report 
so  that  only  such  general  details  will  be  reviewed  as 
are  necessary  to  make  possible  a  clear  understanding 
of  the  data  presented. 

TEST  CYLINDERS  DESCRIBED 

Each  series  of  test  cylinders  consisted  of  five  batches 
made  on  different  days,  and  nine  cylinders  were  made 
from  each  batch.  All  cylinders  were  2  by  4  mches  in 
size.  The  concrete  cylinders  were  mixed  in  the  pro- 
portion 1:3  by  volume  with  a  relative  consistency 
of  1.00  and  water  ratio  of  about  0.62.  The  aggregate 
passed  all  standard  physical  tests  and  was  separated 
into  screen  sizes  and  recombined  for  each  batch  to 
produce  a  fineness  modulus  of  4.67.  The  mortar 
cylinders  were  made  of  standard  Ottawa  sand  as  rep- 
resenting fairly  well  a  poorly  graded  aggregate  such  as 
is  too  often  used  in  smaller  size  tile. 

Extreme  care  was  exercised  to  make  the  cylinders 
of  a  series  as  nearly  uniform  as  possible  and  variables 
were  introduced  singly  in  the  different  series  so  that 
the  influence  of  any  variable  on  the  life  of  cylinders 
of  a  series  might  definitely  be  determined. 

Thirteen  different  materials  were  used  as  admixtures 
in  cylinders.  These  materials  were  as  follows:  Aka- 
gel  "A,"  barium  chloride,  blast-furnace  slag,  Cal, 
calcium  chloride,  CeHte,  Colloy,  Ironite,  powdered  fuel 
ash.  Trass,  Truscon,  sulphur,  and  volcanic  ash.  The 
amounts  of  these  materials  used  expressed  as  a  per- 
centage of  the  weight  of  cement  used  are  shown  in 
Tables  2  and  3.  Specimens  were  also  surface  treated 
with  Inertol,  linseed  oil,  and  sulphur. 

Special  cm-ing  conditions  included  curing  in  water 
vapor  and  steam  ranging  in  temperature  from  70°  to 
285°  F.  and  covered  a  wide  range  of  variables  as  to  the 
time  of  application  and  duration  of  the  special  curing 
period. 

'  This  report  is  the  result  of  experiments  at  the  Draintile  Laboratory  at  University 
Farm,  St.  Paul,  Minn.,  conducted  by  the  department  of  agriculture  of  the  Uni- 
versity of  Minnesota,  the  Department  of  Drainage  and  Waters  of  the  State  of  Minne- 
sota, and  the  U.  S.  Department  of  Agriculture.  This  report  has  been  published 
under  the  title  "Tests  of  Concrete  Exposed  to  the  Sulfate  Waters  of  Medicine  Lake, 
South  Daliota"  as  tjniversity  of  Minnesota  Paper  No.  726,  Journal  Series. 

'  THE  ACTION  OF  aULPHATE  WATER  ON  CONCRETE,  Public  Roads,  Vol.  6,  No.  8, 
Oct.,  1925. 


All  of  the  cylinders  for  exposure  m  the  lake  were 
numbered  and  placed  in  copper-nailed  wooden  crates 
with  a  capacity  of  50  cylinders  each.  In  all  of  the 
crates  the  cylinders  in  any  vertical  row  represent  the 
same  series.  The  crates  were  installed  in  the  lake  in 
about  5  feet  of  water  and  were  not  subjected  to  freezing 


and  thawing. 


MEDICINE  LAKE  DESCRIBED 


Medicine  lake  is  a  natural  alkaU  lake  located  18 
miles  northwest  of  Watertown,  S.  Dak.  It  ha,'^ 
stretches  of  gravel  beach,  so  the  conditions  for  installing 
held  specimens  are  almost  ideal.  Analyses  of  water 
samples  taken  at  different  seasons  of  the  year  have 
shown  a  total  salt  content  ranging  between  2.34  and 
4.72  per  cent,  consisting  almost  entirely  of  a  combina- 
tion of  magnesium  and  sodium  sulphates  in  which  the 
magnesium  salt  greatly  predominates.  (See  Table  1.) 
These  are  the  salts  that  have  caused  trouble  in  Minne- 
sota. The  larger  of  these  two  figures  represents  a 
total  salt  content  somewhat  in  excess  of  any  soil  water 
so  far  found  m  contact  with  tile  in  Minnesota,  and 
much  more  severe  than  is  ordinarily  encountered  in 
agricultural  lands  anywhere. 

Table  1. — Analyses  of  water  from  Medicine  Lake,  S.  Dak. 


[Analyses  by  the  water  and  beverage  laboratory,  Bureau  of  Chemistry,  U.  S. 
Department  of  Agriculture] 

Date  talcen 

Radicals 

No. 

(c'^l'c.)    Ca     Mg 

NO3 

CI 

SO, 

CO3    HCO3     To- 

Dec.   10,1923 
Feb.  14,1924 
Apr.  29,1924 
July     1, 1925 



MILLIGRAMS  PER  LITER  (PARTS  PER  1,000,000) 

778.2.. 
781.2.. 
803.2.. 
808.2.. 

3,755(1,006 

4,3441,082 

395i    344 

3,649     436 

5,012              r      580 
6, 116    Trace.       596 
4,276     Trace.       396 
4,910.    Trace.       464 

28, 898 
34, 533 
17,585 
27, 067 

84        28239,618 
54        490  47, 215 
98'        323  23, 417 
114.        158  36,828 

1              1 

PERCENTAGE  REACTING  VALUES 

778,2.- 
781.2.. 
803.2.. 
808.2.. 

13.05   4.01 
12. 67i  3. 62 
2.23   2.22 
13.58   1.86 

32. 94         0. 00 
33.71           .00 

45. 55  1. 00 

34. 56  .  00 

1.31     48.10 

1. 13i    48.22 
.  45      47.  44 
1.12:     48.25 

0.22 
.12 
.42 

.41 

0.37100.00 
.53100.00 
.  69  100. 00 
.  22  100. 00 

For  comparative  purposes,  specimens  similar  to  those 
immersed  in  the  lake  were  stored  in  a  tank  of  ordinary 
tap  water  at  the  laboratory. 

Tests  have  been  made  on  cylinders  at  periods  ranging 
from  one  to  three  and  one-half  years.  Figures  1  to  8 
show  the  condition  of  the  various  test  groups  on  removal 
from  the  lake.  Tables  2  and  3  give  data  on  the  charac- 
ter, curing,  and  results  of  compression  tests  on  the 
cylinders  for  both  the  concrete  and  mortar  specimens. 

CONCLUSIONS 

The  time  of  exposure  of  the  cylinders  has  been  too 
short  to  justify  drawing  definite  conclusions  for  those 
that  as  yet  show  little  evidence  of  deterioration. 
However,  study  of  the  data  brings  out  several  facts,  the 
more  important  of  which  are  stated  below. 

203 


204 


PUBLIC   ROADS 


Vol.  8.  No.  9 


77     78     79     80     81 


92     93     94    95    96 


147    148    149    150    151 

mi 

I 

^^ 

' 

1 

1 

mvmKM 

Cylinders  cured  in  steam  at  212°  F.  after  three  and 
one-half  years  in  lake 


Cylinders  variously  cured  after  three  and  one-half 
years  in  lake.  Series  96  was  the  only  one  in  which 
the  curing  temperature  reached  212°  F. 


Cylinders  made  wu.h  li.gU  ..luunii.i  v^.i.mi  .v  .mil 
variously  cured  after  three  years  in  lake 


Fig.  1. — Cylinders  op  Various  Series  After  Three  and  Three  and  One-Half  Years  in  Medicine  Lake.     All  the 
Cylinders  in  any  Vertical  Row  Are  of  the  Same  Series  and  the  Series  Number  Is  Shown  At  the  Top 


(1)  Standard  Portland  cements  from  different  manu- 
facturing plants  vary  greatly  in  resistance.  This  is 
evidenced  by  tests  of  more  than  30  different  cements 
after  exposure  for  one  year,  and  in  the  case  of  the  4 
cements  used  in  series  257  to  260  it  will  be  noted  that 
after  two  years  exposure  the  cylinders  of  series  260 
still  had  an  average  compressive  strength  of  4,390 
pounds  per  square  inch  as  compared  with  strengths  of 
690,  0,  and  0  pounds  per  square  inch  for  series  257, 
258,  and  259,  respectively.     (See  Table  2  and  fig  4.) 

(2)  All  cylinders  of  high  alumina  cements  made 
very  satisfactory  showings,  up  to  and  including  three 
years'  exposure,  with  the  exception  of  the  mortar 
cylinders  of  high  alumina  cement  B  and  Ottawa  sand 
mixed  in  the  proportion  of  1:5.  These  cylinders, 
designated  as  series  280,  had  almost  completely  failed 
at  one  year.  (Fig.  4.)  On  the  other  hand  the  1 :  5  high 
alumina  cement  B  concrete  cylinders  of  series  290  had 
a  strength  of  122  per  cent  of  normal  at  one  year  and 
showed  no  visible  disintegration.  (Fig.  5.)  The  natural 
inference  is  that  high  alumina  cements,  while  more 
resistant  than  standard  Portland  cements,  are  not  of 
such  high  resistance  as  will  permit  of  the  use  of 
extremely  lean  mixes  for  concrete  subject  to  the  action 
of  sulphate  waters. 

(3)  Specimens  cured  in  steam  at  a  temperature  of 
212°  F.  continue  to  make  excellent  showings  in  all 


series,  and,  without  exception,  cylinders  so  cured  in 
series  77,  78,  79,  80,  81,  105,  and  106  averaged  stronger 
after  three  years  in  the  lake  than  they  did  at  one  year. 
(See  Table  2  and  fig.  1.) 

(4)  Cylinders  cured  in  steam  at  a  temperature  of  212° 
F.  made  equally  favorable  showings  irrespective  of 
brand  of  cement  used  in  the  mix. 

(5)  There  is  slight  difference  between  the  specimens 
cured  in  steam  at  a  temperature  of  212°  F.  and  those 
cured  at  higher  temperatures  up  to  285°.  The  left 
photograph  of  Figure  6  shows  cylinders  of  series  351 
to  355,  which  taken  in  numerical  order,  were  cured  in 
temperatures  of  190°,  212°,  235°,  260°,  and  285°.  The 
fifth  cylinder  from  the  top  of  series  352  shows  slight 
deterioration,  while  no  deterioration  is  evident  in  series 
353  to  355. 

(6)  The  results  secured  with  admixtures  were  some- 
what indefinite  as  they  were  at  the  end  of  the  first 
year,  but  they  apparently  indicate  that  certain  admix- 
tures, if  pi;pperly  handled,  may  have  sufficient  value  in 
developing  resistance  to  justify  their  use  under  special 
conditions.  In  this  connection  the  cylinders  in  series 
161,  166,  170,  176,  and  180  were  of  greater  average 
strength  after  two  years  in  the  lake  than  those  in  the 
lake  or  in  the  laboratory  tank  at  one  year.  Figures  2 
and  3  show  the  generally  excellent  appearance  of 
cylinders  containing  admixtures. 
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167   !68     169    170    !7( 


Cylinders  with  4  per  cent  and  8  per  cent  admixtures 
of  calcium  chloride,  variously  cured 


Cylinders  with  4  per  cent  and  8  per  cent  admixtures 
of  Cal,  variously  cured 


Fig.  2. — Cylinders  Containing  Admixtures  After  Three  Years  in  Lake 
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Fig.  3.-C0MPARISON  OF  Cylinders  With  and  Without  Admixtures  After  Three  Years  in  Lake 
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256  257   258  259    260 


276   277  278  279   280 


Cylinders  of  high  alumina  cement  C  Cylinders  of  different  brands  of  standard  Portland         Ottawa  sand  ^.^{^'ll^'^lf^l^l^f^'''  '''"''  °' 

Fig.  4.— Comparison  of  Cylinders  of  Various  Cements  After  Two  Years  in  Lake 
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Cylinders  of  various  mixes  of  high  alumina 
cement  B. 


Seric.3  291.— iligU  alumina,  cumcnt,  C,  1:5  mix 
concrete. 

Series  292.— High  alumina,  cement  C,  1:  5  mix 
mortar. 

Series  293.— Portland  cement  mortar. 

Series  294.— Portland  cement  mortar,  sulphur 
impregnated. 

Series  295.— Portland  cement  mortar,  sulphur 
admi.xed. 


Cylinders  cured  in  water  at  212°  F.  for  48  hours. 


Fig.  5. — Cylinders  of  Various  Types  After  Two  Years  in  Lake 
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Cylinders  cured  in  water  vapor  for  12  hours  at  Cylinders  made  with  different  brands  of  standard  Cylinders  made  with  different  brands  of  standard 

the  following  temperatures:  Portland  cement.  Portland  cement. 

Series  3.51.-190°  F. 
Series  352.-212°  F. 
Series  353.— 235<!  F. 
Series  354.-260°  F. 
Series  355.-285°  F. 

Fig.  6. — Cylinders  of  Various  Types  After  One  and  One-half  Years  in  Lake 
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mortar  cylinders,  respectively,  treated  with  Inertol. 


ids  of  standard 


FiQ.  7.— Cylinders  of  Various  Types  After  One  Year  in  Lake 
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Table  2. — D,oi ,  ,-iJv,,oii  and  tests  of  all  laboratory  standard  concrete  cylinders  immersed  in  Medicine  Lake,  S.  Dak.,  and  parallel  tests  on 

specimens  stored  in  laboratory  tanks 

[Unless  otherwise  noted  the  fineness  modulus  of  aggregate  is  4.67  and  the  mix  is  1  : 3.    Each  test  result,  with  a  few  exceptions,  is  an  average  of  five  cylinders  made  on 

different  days] 


Ce- 
ment 
labo- 
ratory 

No. 

Cement 

Water 
ratio 

Admixture,  impreg- 
nation or   surface 
treatment 

Curing  method 

Ab- 
•sorp- 
tion 
at  21 
days 

jVverage  of  compression  tests 

Time 

in 
moist 
closet 

Time 

in 
water 

Time 

in 
water, 
vapor 

or 
steam 

Tem- 
pera- 
ture of 
water, 
vapor 

or 
steam 

Time 
in  air 

Tank  specimens 

Lake  specimens 

Series 
No. 

7  days 

28 

days 

1  year 

1  year 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens 
at  one 
year 

2  years  ■ 

3  years ' 

77 

11 

11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11.8 

11.8 

11.8 

11.8 

11.8 
17 
17 
17 
17 

17 
14 
14 
14 
1! 

14 

14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 

18 

18 

18 

18 

18 
18 
18 
18 

One-half    Port- 
land   A,    one- 
half  Portlands. 

do 

do 

do 

do 

do 

do..- 

do 

do 

do 

do -. 

do 

do 

do 

do 

do 

0.59 

.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.59 
.69 
.69 
.69 
.59 
.•59 
.59 
.59 
.59 
.59 
.59 
.59 

.59 

.59 

.69 

.69 
.59 
.59 
.59 
.69 

.59 
.64 
.64 
.64 
.64 

.64 

.62 
.82 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.62 
.74 

.03 

.74 

.63 

.74 

.63 
.79 
.03 
.79 

Hours 
3 

6 

12 

24 

48 

3 

6 

12 

24 

48 

3 

6 

12 

24 

48 

24 

72 

24 

24 

24 

24 

24 

24 

24 

24 
24 
24 
24 
24 

24 
24 
24 
24 

24 

24 

24 

72 
24 
24 
24 
24 
24 
24 
24 
24 
24 

24 

24 

24 

24 

24 
21 

24 
24 

Days 

""'■ii 

Hours 
69 

66 
60 
48 
24 
69 
66 
60 
48 
24 
69 
66 
60 
48 
24 

"F. 
212 

212 
212 
212 
212 
155 
155 
155 
155 
155 
100 
100 
100 
100 
100 

Days 
25 

26 
25 
26 
25 
26 
26 
26 
26 
25 
26 
25 
26 
25 
25 
28 
25 
26 
25 
25 
25 

}      - 
24 

}      ^* 

}      ^ 
25 

}      ^^ 
24 

}.     24 

I      ^"^ 
25 

}      25 

24 

I       -^ 

}      ^^ 

Per 

cent 
7.9 

7.2 
6.9 
6.9 
6.7 
0.9 
6.9 
6.7 
6.6 
0.7 
6.6 
6.7 
6.7 
6.7 
6.8 
6.7 
7.0 
6.8 
6.4 
6.5 
6.3 

6.7 

6.4 

6.2 

6.3 
6.2 
6.0 
6.1 
6.0 

5.7 
0.2 
6.2 
6.1 
6.1 

C.  1 

6.3 
7.0 
6.5 
6.2 
6.1 
6.3 
0.5 
6.5 
6.5 
6.3 
6.5 

0.0 

6.7 

6.4 

6.9 

6.7 
7.1 
5.9 
7.1 

Lhs. 

per  sq. 

in. 

1,110 

2, 260 

Lbs. 
perag. 

in. 
1,250 

3. 040 

Lbs. 
persq. 

in. 
1,250 

3,130 
4,550 
4,600 
4,630 
5,380 
5,700 
5,250 
6,4fi0 
6,250 
5,110 
4,960 
5,270 
5.240 

Lbs. 
persq. 

in. 
1,210 

2,840 
4,410 
4,330 
4,410 
500 
490 
1,030 
1,220 
1,660 
1,430 
1,370 
1,290 
1,630 
1,920 
3,780 
3,150 
2,020 
1,660 
4,300 
1,880 

4,340 

1,530 

6,540 

4,640 
980 
4,980 
1,270 
5,220 

5,250 
3,400 
3, 320 
3,790 
3,790 

3,670 

5,  220 
5, 960 
5,450 
.3,400 
3.650 
5,  040 
6.280 
5,  620 
5,770 
4,  960 
4,230 

5,170 

5,560 

4,800 

4,830 

3,910 
3,550 
5,050 
3,300 

97 

91 
97 
94 
95 
9 
9 
20 
19 
27 
28 
28 
25 
31 
38 
66 
62 
36 
30 
94 
33 

87 

28 

97 

95 

18 
94 
26 
106 

99 
120 
116 
144 
139 

121 

114 
112 
104 

Lbs.  per 
sq.  in. 

Lbs.  per 
sg.  in. 
1,340 

2,930 

78 

79 

.  . 

3, 400  '  4. 120 

4,940 

4,860 

5,340 

0 

80 

3,000 
2,910 
3,360 
3,840 
4,440 
4,350 
3,540 
3,730 
3,590 
4,050 
4,080 
3,510 
2,620 
3,380 
3,810 
4,240 
3,770 
3,900 

4,180 

4,490 

4,310 

4,110 
4,550 
4,600 
4,910 
4,820 

n,  110 

3,  2.50 
3, 150 
3,160 
3,190 

3,360 

4,  560 
5,020 
5, 370 
3,  360 

3,  300 

4,  570 
4.830 
4,760 
4,  250 
4,710 
2,420 

2,880 

2,410 

3,850 

3,800 

2,870 
2,200 
2,940 
3,800 

4,020 
3,850 
4,210 
4,720 
4,960 
4,550 
4,210 
4,120 
4,320 
4,680 
4,220 

81 

82 

0 
0 
0 

0 

0 

0 

0 

0 

2,270 

1,200 

560 

690 

4,910 

890 

6,030 

560 

5,770 

5,970 
0 

83 

0 

84 

0 

85 

0 

86 

0 

87 

0 

88 

0 

89 

0 

90 

0 

91 

4,  060     5.  010 

0 

92 

4,540 
3,  500 
4,000 
4,370 
4,410 
4,770 

4,120 

4,830 

4,960 

4,710 
4,730 
5,610 
5,180 
5,070 

5,900 
3,550 
3,670 
3,840 
3,890 

3, 800. 

4,890 
4,810 
5,510 
3,870 
3,  7.';o 

5,040 
4,910 
4,850 
4,960 
4,860 
3,960 

4,180 

4,190 

4,010 

4,020 

4,330 
3,010 
4,000 
3,640 

5,090 
5,120 
5,640 
5,610 
4,660 
5,690 

5,020 

5,410 

5,730 

4,890 
5,580 
5,290 
5,180 
4,910 

5, 320 
2,830 
2,860 
2,640 
2,730 

3,020 

4,560 
6,310 
5,240 

"2,'840" 
5,100 
5, 120 
5,450 
4,570 
4,380 
6,030 

5,440 

5,670 

5,300 

5,450 

5,530 

4.280 

■  5, 450 

4,600 

93 

do 

do 

do 

do 

94 

27 

48 

48 

48 

48 

r      24 

1      24 

72 

f      48 

1      24 

f      24 

1      48 

48 

f      24 

1      24 

72 

f      48 

1      24 

r      24 

\      48 

48 

f      24 

^      ?^2 

{      tl 
f      24 
1      48 

100 
155 
212 
155 
165 
212 
165 
155 
212 
165 
212 
155 
155 
212 
155 
155 
212 
155 
212 
155 
155 
212 
155 
155 
212 
155 
212 

0 

95 

0 

96 

97 

do 

do 

do 

do 

do 

0 

98    . 

99  . 

0 

100 

101 

102 

do 

do 

do 

a 

103 

5,510 

104 

0 

0 

105 

do 

do 

6,000 

5, 830 

lOS 

137 

High  alumina  A-- 

do..- 

do..- 

do 

dO- - 

do 

do- - 

do 

do 

do 

do -..- 

do 

do - 

do 

do I-.. 

One-half    Port- 
land    A,     one- 
half  Portland  B. 
do 

4,510 

13S 

139 

140 

141 - 

147 

6,410 
6,300 
5,300 
4060(120) 
4,110 

148- 

25 

26 
25 
26 
344 
56 

149 

""'"26" 
20 
20 
20 
20 
20 

20 

20 

20 
20 
20 

48 
48 
48 

100 
155 
212 

150 

151 

129 
99 
123 
103 
126 
113 
70 

95 

98 

91 

89 

71 
83 
93 

72 

152 - 

153 - 

154 



155- 

156 

157 

40  per  cent    blast- 
furnace   slag    ad- 
mixed. 

10   per   cent   blast- 
furnace   slag    ad- 
mixed. 

40   per   cent   blast- 
furnace   slag    ad- 
mixed. 

10   per   cent   blast- 
furnace   slag    ad- 
mi.ted. 

40   per   cent   blast- 
furnace   slag    ad- 
mixed. 

4  per  cent  calcium 
chloride  admixed. 

8  per  cent  calcium 
chloride  admixed. 

4  per  cent  calcium 
chloride  admixed. 

8  per  cent  calcium 
chloride  admixed. 

4, 

2,340 

3,930 

5,220 

3,540 

5,640 

1,710 
3,130 
5,210 
3,860 

158 

35 
35 
35 
35 

159 

do - 

160 - 

do 

48 
48 

165 
156 

161 

do..- 

162 

do..- 

do..- - 

do -. 

do..- 

163 

35 
36 
35 

104 

165 

48 

165 

'  Figures  in  parentheses  show  percentage  of  normal  strength  as  indicated  by  parallel  tests  on  cylinders  from  same  batches  stored  in  tap  water  in  the  laboratory. 
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Table  2.-Descrivtion  and  tests  of  all  laboratory  standard  concrete  cylinders  immersed  in  Medicine  Lake,  S.  Dak.,  and  parallel  tests  on 

specimens  stored  m  laboratory  tanks — Continued  >  f 


Series 
No. 


166. 

167. 

168. 

169. 

170. 

171. 

172. 
173. 

174- 
175. 

176- 
177. 
178. 

179. 
180. 

181. 
182. 
183. 

184. 
185. 


Ce- 
ment 
labo- 
ratory 

No. 


186 

208-212.. 
243-247.. 
252-253.. 
256 


257 , 

258 

259 

260 

286  2 

287-288.. 


290  <. 
291 «. 
296... 


297. 
298. 
299- 
300. 
301. 


302. 
303. 
304. 
305. 
306. 


307. 
308. 
309. 
310. 
311. 
313. 
314. 
315. 
351. 


352. 
353. 
354. 
355. 


Cement 


One-half  Port- 
land A,  one- 
half  Portland  B. 

do - 


do... 

do... 

do... 

do... 


.do 

.do 


.-..do_ 

....do 


-do.... 
.do.... 
.do.... 


do 

do 

do 

do 

do 

do 

do 

do 

High  alumina  B.. 

Special  A  1 

HighalummaC. 
One-half  Portland 
A,    one-half 
Portland  B. 

Portland  A 

Portland  Bl 

Portland  D 

Portland  C 

High  alumina  B.. 

do 

do 

do 

High  alumina  C. 
One-half  Portland 
A,    one-half 
Portland  B. 

Portland  A 

Portland  Bl 

Portland  D 

Portland  C 

One-half  Port- 
land A,  one-half 
Portland  B. 

Portland  E 

Portland  F 

Portland  Gl 

Portland  H-- 

One-half  Port- 
land A,  one-half 
Portland  B. 

Portland  I 

Portland  J 

Portland  Kl 

Portland  LI 

Portland  M 

do.. 

do- - 

do 

One-half  Port- 
land A,  one-half 
Portland  B. 

do 

do 

do- 

do 


Water    Admixture,  impreg- 
ra'tio  i     n^^tion  or  surface 
treatment 


0.63 

.59 

.60 

.59 

.CO 

.59 

.59 
.61 

.59 
.61 

.61 
.59 
.74 

.59 
.74 

.74 
.59 
.63 

.59 
.63 

.63 
.51 
.60 
.53 

.59 


.59 
.59 
.59 
.66 
.44 
.53 
.67 
.81 
.79 
.62 


.60 
.62 
.60 
.67 
.62 


4  per  cent  calcium 
chloride  admixed. 

4  per  cent  Cal  ad- 
niixed. 

8  per  cent  Cal  ad- 
mixed. 

4  per  cent  Cal  ad- 
mixed. 

8  per  cent  Cal  ad- 
mixed. 

4  per  cent  Cal  ad- 
mixed. 


20  per  cent  ironite 
admixed. 


20  per  cent  Ironite 

admixed. 
do 


20  per  cent  volcanic 
ash  admi.xed. 


20  per  cent  volcanic 

ash  admi.xed. 
do 


3  per  cent  Alkagel 
"A"  admixed. 


3  per  cent  ALkagel 

"A"  admixed 

do 


Curing  method 


Time 

in 
moist 
closet 


Hours 
24 


Time 

in 
water 


Days 


20 
20 


Time 

in 
water, 
vapor 

or 
steam 


20 


Hours 
4S 


48 


Tem- 
pera- 
ture of 
water 

or 
steam 


48 


48 


48 


Time 
in  air 


°F. 
155 


155 
155 


155 
155 


100 


155 
155 


100 


155 
155 


100 


212 


212 
212 
212 
212 
212 


212 
212 
212 
212 
212 


212 
212 
212 
212 
212. 


155 
100 
190 


212 
235 
260 
285 


Bays 
35 


Ab- 
sorp- 
tion 
at  21 
days 


Per 
cent 

5.8 


CO 
6.0 


5.0 
5.9 


6.1 
6.1 


6.1 
5.9 


5.8 
7.6 

7.3 
6.0 
5.3 

6.0 
5.0 

5.4 
4.9 
6.2 
5.4 
5.8 


5.8 
5.8 
5.4 
6.1 
5.1 
4.9 
5.3 
5.8 
6.5 
6.5 


6.4 
6.9 
6.4 
6.6 
6.5 


6.2 
6.0 
6.2 
6.1 
6.2 


5.9 
6.4 
6.5 
6.2 
5.5 
5.9 
6.0 
6.2 
6.6 


-Average  of  compression  tests 


7  days 


28 
days 


Lbs.  Lbs. 
per  sq.  persq. 

in.  1  in. 
4, 810  I  4,  920 


3, 200  i  4, 150 
5. 8  3, 180  4, 290 
5. 8     3,  250  I  4,  280 


4,990  i  4,670 

4, 550  4, 690 

2,870  4,190 

2, 950  3, 980 


4,020 
3,880 


4,390 
4,440 


3,  680  4,  220 
2,  520  4,  200 
1, 900     3,  210 


4,110 
3, 240 


4,510 
3,340 


2, 710  2, 820 

2,  800  4, 010 

2, 260  3. 560 

4,070  4,530 

3, 280  3, 940 


3,120 
6,700 
2,910 
7,730 
2,780 


2,720 
2,960 
3,340 
3,340 
7,490 
7,080 
6,560 
4,640 
4,360 
3,330 


3,650 
3,700 
3,690 
3,880 
3,690 


3,540 
3,550 
3,740 
3,730 
3,280 


3,420 
2,650 
3,260 
3,260 
4,660 
3,150 
4,460 
3,740 
2,650 


6.  9  2,  450 
7. 3  1, 900 
7. 1  2,  270 

7.  2  2, 260 


3,730 
6,780 
3,770 
7,230 
3,950 


4,290 
3,790 
4,780 
4,540 
6,820 
6,620 
5,680 
4,840 
4,630 
3,660 


3,660 
3,830 
3,770 
4,540 
3,610 


3,530 
3,900 
3,920 
3,840 
3,920 


4,150 
3,240 
4,200 
3,870 
5,580 
3,950 
4,010 
3,800 
2,  940 


2,910 
2,750 
2,490 
2,870 


nens 

1  year 

1  year 

Lbs. 

Lbs. 

persq. 

persq. 

in. 

in. 

4,990 

4,400 

4,860 

3,910 

5, 570 

4,620 

4,550 

4,800 

5,030 

5,010 

5,140 

4,980 

5,300 

4,370 

4,890 

5,020 

4,330 

3,910 

5,510 

4,630 

5,250 

5,190 

4,930 

3,670 

5,450 

2,960 

5,210 

3,820 

4,440 

3,600 

5,130 

4,290 

5,780 

4,450 

4,570 

3,520 

5,100 

4,240 

4,570 

3,300 

3,820 

3,550 

6,260 

7,420 

5,370 

4,030 

7,480 

7,010 

5,200 

1,480 

5,490 

3,190 

4,580 

800 

5,900 

1,590 

5,980 

5,090 

8,080 

8,460 

8,160 

8,210 

6,290 

6,160 

4,150 

5,080 

2,910 

4,370 

5,020 

4,390 

4,680 

4,600 

4,580 

4,480 

4,620 

4,270 

4,940 

4,890 

4,500 

4,480 

4,550 

4,450 

5,060 

4,920 

4,990 

4,680 

4,860 

4,410 

4,480 

4,410 

5,090 

4,190 

4,680 

3,480 

4,950 

4,910 

5,060 

4,460 

5,810 

5,570 

i  6,050 

2,250 

6,170 

5, 430 

5,970 

4,230 

5,320 

1,730 

5,230 

4,240 

4,780 

3,800 

4,880 

3,760 

4,340 

3,870 

Lake  specimens 


80 
83 
105 
100 


82 
102 

90 
84 

99 

74 
54 

73 
81 

84 

77 
77 

83 

72 

93 
118 
75 
94 
28 


58 
17 
27 
85 
106 
101 
98 
122 
150 


98 
98 
92 
99 
100 


3.  years 


Lbs.  per  ;  Lbs.  per 


sq.  in. 
5, 840 

sq. in. 

1,380 
3,690 

3,620 

6,200 

5,500 

2,C50 

4.000 

2,670 

4,830 

5,210 

1,910 

1,970 

2,380 

4,510 

3,590 

2,100 

2,140 

4,700 

3,900 

3,060 

7, 690(95) 
780(12) 
7,430 

7,  240(91) 
0 

120 

690 

0 

0 

4,390 

7.400 

:Mix  1 : 2. 


Mix  1  : 4. 


<Mix  1:5. 
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Table  2. — Description  and  tests  of  all  laboratory  standard  concrete  cylinders  immersed  in  Medicine  Lake,  S.  Dak.,  and  parallel  tests  on 

specimens  stored  in  laboratory  tanks — Continued 


Ce- 
ment 
labo- 
ratory 

No. 

Cement 

Water 
ratio 

Admixture,  impreg- 
nation or  smfaee 
treatment 

Curing  method 

Ab- 
sorp- 
tion 
at  21 
days 

Average  of  compression  tests 

Time 

in 
moist 
closet 

Time 

in 
water 

Time 
in  air 

Tank  specimens 

Lake  specimens 

Series 
No. 

Time 

in 
water, 
vapor 

or 
steam 

Tem- 
pera- 
ture of 
water 

of 
steam 

7  days 

28 
days 

1  year 

1  year 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens 
at  one 
year 

2  years 

3  years 

361 

80 

79 

89 

81 

83 

77,96 

82,95 

85,94 

86,99 

87,88 

84 

97 

98 

74 

74 

74 

74 

74 

74 
86 

86 
86 

86 

70,71 

70,71 

70,71 

70,71 

70,71 

100 

101 

102 

103 

104 

105 

105 
106 
107 
108 

74 

97,98 

86,99 
82,95 
83 
70,71 
97,98 

86,99 

82,95 

83 

74 

70,71, 
74 

70. 71, 

74 

70,71, 
74 

Portland  F 

Portland  Nl 

Portland  01 

Portland  E 

Portland  H 

Portland  G2 

Portland  C 

Portland  D 

Portland  I 

Portland  P 

Portland  L2 

Portland  K2 

Portland  Kl 

One-half      Port- 
land A,  one-half 
Portland  B. 

One-half    Port- 
land A,  one-half 
Portland  B. 
do 

do 

"  Portland  Y" ' ' ' '. '. 

do 

do 

do 

0.62 
.62 
.62 
.62 
.62 
.64 
.67 
.64 
.64 
.04 
.64 
.64 
.64 
.62 

.62 

.76 

.85 
.93 

1.09 
.78 

.87 
.95 

1.09 
.44 
.53 
.59 
.73 
.88 
.62 
.62 
.62 
.62 
.62 
.66 

.62 

Hours 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

24 

24 

24 
24 

24 

24 

24 

24 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

24 
24 
24 
24 
24 

24 

24 
24 
24 
24 
24 

24 
24 
24 
24 

24 
24 
24 

Days 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

20 

20 

20 
20 

20 
20 

20 
20 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
20 
20 

20 

20 
20 
20 
20 

"'"20" 
20 

20 

20 

Hours 

°F. 

Days 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

35 

35 

35 
35 

35 
35 

35 
35 

35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

35 
35 
35 
35 
35 

35 

35 
35 
35 
35 

54 

54 
54^' 
54 
35 

35 
35 
35 

Per 
cent 
6.3 
6.1 
5.9 
5.8 
6.1 
6.0 
6.8 
6.4 
6.1 
6.1 
5.8 
5.4 
6.1 
6.7 

6.3 

7.3 

7.1 
9.1 

8.4 
6.8 

6.7 
7.6 

7.3 
5.6 
4.9 
5.3 
6.3 
7.6 
6.4 
6.3 
5.9 
6.0 
6.4 
6.4 

5.7 
6.1 
6.5 
5.8 
15.8 

10.5 

12.1 
14.8 
13.6 
9.7 
6.6 

6.1 
6.9 
6.5 

6.4 

6.3 
6.2 
7.0 

Us. 
per  sq. 

in. 
2,870 
3,220 

Lbs. 
per  sq. 

in. 
4,320 
4.600 

Lbs. 
persq. 

in. 
6,350 
6,970 
6,730 
7,320 
6,280 
5,900 
6,270 
5,730 
6,110 
6,540 
5,770 
5,720 
7,050 
5,570 

6,060 

5,790 

5,260 
4,600 

4,270 
6,620 

6,170 
6,060 

4,090 
6,110 
8,100 
8,630 
6,440 
3,480 
5,110 
6,290 
6,630 
5,470 
5,530 
6,670 

6,500 
6,430 
5,920 
6,510 
8,600 

9,560 

9,720 
10, 120 
10, 480 
10, 440 

3,950 

4,470 
5,530 
5,110 
5,050 

5,490 
4,820 
3,640 

Lbs. 

persq. 

in. 

0 

4,000 

670 
2,910 
3,680 
1,930 
4,790 
2,980 
4,470 

810 
3,170 
4,600 
3,400 
5,390 

2,480 

5,040 

4,170 
4,400 

3,660 
5,300 

4,140 
4,300 

3,810 
5,780 
7,580 
7,390 
5,400 
3,790 
0 
2,440 
4,410 
3,160 
280 
3,760 

4,300 
2,490 
2,940 
1,490 
8,990 

10, 230 

9,380 
8,920 
9,910 
9,330 
3,680 

4,290 
4,930 
4,840 
4,870 

4,100 
2,720 
3,320 

Lbs.  per 
sq.  in. 
0 
57 
10 
40 
59 
33 
76 
52 
73 
12 
55 
80 
48 
97 

41 

87 

79 
96 

86 
80 

67 
71 

93 
95 
94 
86 
84 
109 
0 
39 
67 
58 
5 
56 

66 
39 
50 
23 
105 

107 

97 
88 
95 
89 
93 

96 
89 
95 
96 

75 
56 
91 

Lbs.  per 
sq.  in. 

Lbs.  per 
sq.  in. 

362 

> 

363 

4, 010     5. 220 

364 

3.340 
3,940 
4,050 
3,220 
3,390 
3,590 
3,730 
3,690 
3,120 
4,220 
2,930 

3,130 

2,710 

2,430 
1,930 

1,440 
3,330 

3,000 
2,710 

2,280 
6,300 
6,660 
6,890 
5,950 
5,140 
2,900 
3,680 
3,860 
3,010 
2,940 
3,530 

3,520 
3,030 
2,830 
3,670 
6,330 

6,890 

8,020 
7,080 
6,140 
9,460 
2,960 

3,650 
3,330 
3,460 
2,590 

2,630 
2,260 
1,360 

4,770 
4,770 
4,820 
4,320 
4,130 
4,370 
5,040 
5,000 
4,440 
4,970 
4,870 

4,890 

3,830 

3,450 
3,350 

2,670 
4,690 

3,850 
3,770 

3,380 
5,760 
7,120 
7,210 
5,710 
4,230 
4,310 
4,940 
5,640 
4,380 
4,380 
5,050 

5,390 
4,410 
4,540 
5,010 
7,630 

9,880 

9,330 

8,560 
7,290 
8,420 
3,470 

4,150 
3,820 
3,950 
4,030 

3,880 
3,760 
2,830 

365 

366 

367 



368 

369 

370 

371 

372 

373 

374    

Two  coats  Inertol 

391 

392 

33  per  cent  Trass  ad- 
mixed. 

do 

66  per  cent  Trass  ad- 
mixed. 

do 

33  per  cent  Trass  ad- 
mixed. 

do 

66  per  cent  Trass  ad- 
mixed. 
do     

392a  5 

393 



393a' 

394 

394a  3.... 

395 

395a  «.... 

396 

High  alumina  B.. 

do 

do 

397 

398 

1 

399 

do 

do. 

400 

1 

401 

Portland  Ql 

Portland  R 

Portland  N2. 

Portland  S 

Portland  T 

Portland  Q2 

do 

Portland  U 

Portland  V 

Portland  W 

One-half    Port- 
land A,  one-half 
Portland  B. 

Portland  Kl  and 
K2. 

Portland  I 

Portland  C 

Portland  H 

High  alumina  B.. 

Portland  Kl  and 
K2. 

Portland  I 

Portland  C 

Portland  H 

One-half    Port- 
land A,  one-half 
Portland  B. 

5  per  cent  high 
alumina  B,47.5 
per  cent  Port- 
land    A,    and 
47.5    per    cent 
Portland  B. 

10  per  cent  high 
alumina  B,  45 
per  cent  Port- 
land A  and  45 
per  cent  Port- 
land B. 

20  per  cent  high 
alumina  B,  40 
per  cent  Port- 
land A  and  40 
rier  cent  Port- 
land B. 

402 

1 

403 

404 

405 

412 

2)4  per  cent  Celite 
admixed. 



413 

414 

.62  ;:::::::;:::::;:::: 

.62    

.02 

415 

416 

421  » 

.37 

.35 

.38 
.42 
.36 
.35 
.64 

.64 
.07 
.64 
.66 

.66 
.06 
.00 

1 

422  5 

423  » 

424  s 

425  6 

r 

429  5 

430 

12 

12 
12 
12 

285 

285 
285 
285 

431 

432 

433 

434 

435 

436 

437 

3  Mix  I  :4 


'Mix  1:5. 


5  Neat  cement. 
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Table  2.— Description  and  tests  of  all  laboratory  standard  concrete  cylinders  immersed  in  Medicine  Lake,  S.  Dak.,  and  parallel  tests  on 

specimens  stored  m  laboratory  tanks — Continued 


Series 
No. 


438. 
464. 
46.5. 
466. 
467! 
468. 
549. 


550. 
551- 
552- 
553. 


554-. 
555... 
556... 
557... 
558... 
559  «. 


560  ».. 

561  5. 


562».... 
563e.... 
564-565- 


566. 


573. 
574. 
575. 
576- 
577- 
578. 


Ce- 
ment 
labo- 
ratory 

No. 


Cement 


567-568- 


70,71 
109 
110 
111 
112 
113 
129 


129 
129 
129 
129 


129 
128 
127 
128 
127 
129 


128 

127 

128 
127 
129 


129 

129 

130 
131 
132 
133 
134 
129 


High  alumina  B 

Portland  B2 

Portland  B2 

Portland  B3 

Portland  X 

Portland  03 

One-half       Port- 
land A,  one-half 
Portland  B. 
do 

do. 


do.. 

do.. 


579 

129 

Portl 
do. 

580 

129 

do- 

581. 

129 

do. 

582 

129 

do. 

583 

,584 

585 

139 
139 
139 

do. 

do. 

do. 

586-587.. 

139 

do. 

634 

139 

do. 

635-636.. 
637-638.. 

139 
139 

do- 

do. 

639 

139 

do. 

640 

641 

642-643.. 

139 
139 
139 

do. 

do. 

do. 

do 

Portland  Y 

Special  A2 

Portland  Y 

Special  A2 

One-half  Port- 
land A,  one-half 
Portland  B. 

Portland  Y 

Special  A2 

Portland  Y 

Special  A2 

One  -  half    Port- 
land A,  one-half 
Portland  B. 
do 

do- 


Special  B._ _ 

Special  C 

Portland  Z 

Portland  AA 

Portland  Gl 

One  -  half   Port- 
land A,  one-half 


Water 
ratio 


0.66 
.64 
.64 
.64 
.54 
.64 
.62 


.62 
.62 
.62 
.62 


.62 


.64 


.62 

.62 

.62 

.62 

.62 
.62 
.62 

.62 

.64 


.64 

.64 
.64 
.64 


Curing  method 


Admixture,  impreg- 
nation or  surface 
treatment 


Time 


moist 
closet 


One  coat  boiled  lin- 
seed oil  at  70°  F. 

Two  coats  boiled 
linseed  oil  at  70°  F. 

One  coat  boiled  lin- 
seed oil  at  225°  F. 

Two  coats  boiled 
linseed  oil  at 
225°  F.     • 


214  per  cent  pow- 
dered fuel  ash  ad- 
mixed. 

5  per  cent  powdered 
fuel  ash  admixed. 

10  per  cent  powdered 
fuel  ash  admixed. 


1  per  cent  Truscon 
admixed. 

2  per  cent  Truscon 
admixed. 

4  per  cent  Truscon 

admixed. 
6  per   cent  barium 

chloride  admixed. 
12  per  cent  barium 

chloride  admixed. 


2  per  cent  Celite  ad- 
mi.xed. 


2  per  cent  Celite  ad- 
mixed. 

2  per  cent  CoUoy 
admi-xed. 


2   per    cent    Colloy 
admixed. 


24 


24 


Time 

w-ater    ^^P°^ 
steam 


Hours 

Days 

24 

20 

24 

20 

24 

20 

24 

20 

24 

20 

24 

20 

24 

20 

Hours 


Tem- 
pera- 
ture of  I  Time 
water 


steam 


"F. 


20 
20 
20 
20 
20 

20    days 
sand. 


Water    at 
212°-}4  min. 


in    damp 


20    days  in   damp 

sand. 
20    days    in    damp 

sand. 
20  days  in  damp  sand 
20  days  in  damp  sand 
20 


20 
20 

20 

20  !. 
20 
20 

20  S. 
20 

20 
20 
20 
20 


20 


20 


1  min. 
1  min. 

\lmin. 

212 
212 

48         212 
48  ,      212 

Days 
35 
35 
35 
35 
35 
35 

r     3 

I  32 
35 
35 
35 
35 


48 


212 
212 


Ab- 
sorp- 
tion 
at  21 
days 


Average  of  compression  tests 


Tank  specimens 


Ptr 

cent 
5.8 
,5.8 
5.5 
5.7 


6.3 

!.'§■ 

5.8 
5.8 
5.8 
5.8 


6.3 
6.0 
6.0 
6.4 
6.6 
8.3 


8.2 

7.9 

9.2 
9.1 
6.3 

6.4 

6.3 

6.3 
6.6 
6.0 
6.0 
6.3 


28 


'^^^'^   da^ 


6.5 


6.3 
6.3 
6.4 


Lhs. 
per  sq. 

in. 
7,080 
3,740 
3,660 
3,810 
2,830 
2,140 


Lbs. 
per  sq. 

in. 
7,790 
5,010 
4,920 
5,020 
4.390 
3,940 


1  year 


3,790 
3,540 
3,730 
3,430 
3,750 


3,570 
3,780 
3,200 
2,  760 
2,280 
3,340 


4,770 
4,960 
5,260 
4,680 
4,9C0 


4,760 
4,670 
4,720 
4,250 
4,480 
4,530 


3,550  ^  5,160 

3, 260  4, 720 

2,  720  4.  290 

2,290  4,  ,520 

3, 580  5. 100 


3,300 

3.390 

4.140 
3.490 
4.760 
3,460 
3,  910 
3,370 

3,370 

3,020 

3,530 

3,240 

3,810 
3,740 
2.770 


4,760 

5,080 

4,800 
4.580 
5,160 
'1,829 
5.  610 
4,700 


Lbs. 
per  sq. 
in. 
7.820 
7,070 
6,910 
5,860 
4,820 
6,000 


Lake  specimens 


1  year 


Peicent- 
age  of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens 
at  one 
year 


2  years      3  years 


Lbs. 
persq. 

in. 
7,220 
5,950 
4, 8.50 
3, 960 
4,830 
5,590 


Lbs. per 
sq.  in. 
92 
84 
70 
68 
100 
93 


Lbs.  per 
sg.  in. 


Lbs.  per 
sg.  in. 


1 

5'1 

1    6.6 

2,970 

35 

6.1 

3,260 

53 
53 

6.3 
6.2 

3,960 
4, 160 

35 

6.5 

3,630 

35 
53 
53 

6.5 
6.9 
6.8 

3,320 
3,590 
3,870 

580 

980 

570 

460 

950 
150 
SCO 

920 

340 

.S.'iO 
,730 

,610 

,470 
,760 
,100 


I 


J  Mix  1  :  2. 


»  Neat  cement. 


«  Mix  1 : 2.25  and  fineness  modulus  3.10. 
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T.\BLE  3. — De6^,  ,in,ou  I.:....  >  -..  oj  Standard  Ottawa  sand  cylinders  immersed  in  Medicine  Lake,  N.  Dak.,  and  parallel  tests  on  specimens 

stored  in  laboratory  tanks 


(Unless  otherwise  noted  the  m  ix  is  1:3.    Each  test  result 

,  with  a  few  ex 

ceptions, 

s  an  average 

of  five  cylinders  made  on  different  days.) 

Ce- 
ment 
labo- 
ratory 

No. 

Cement 

Water 
ratio 

Admi.\ture,  impreg- 
nation or  surface 
treatment 

Curing  method 

Ab- 
sorp- 
tion 
at  21 
days 

Average  of  compression  tests 

Time 

in 
moist 
closet 

Time 

in 
water 

Time 

in 
water, 
vapor 

or 
steam 

Tem- 
pera- 
ture of 
water, 
vapor, 

or 
steam 

"F. 
155 

155 
212 
155 
155 
212 
155 
212 

Time 
in  air 

Tank  specimens 

Lake 

specimens 

Series 
No. 

7  days 

28 
days 

1  year 

1  year 

Percent- 
age of 
normal 
strength 
as  indi- 
cated 
by  tank 
speci- 
mens 
at  one 
year 

2  years ' 

3  years ' 

107 

17 

17 
17 
17 

17 

17 
17 
)7 
17 
17 
17 

17 

17 

17 

17 
14 
14 
14 
14 

14 

14 
14 
14 
14 
14 
10 
58 
27 
27 
27 
27 
58 
19 

19 
19 
74 

One-half  Portland 
.V,  one-half  Port- 
land B. 

do 

do 

do 

0.04 

.04 
.04 

.04 

.04 

.04 
.64 
.04 
.64 
.64 
.64 

.64 

.64 

.64 

.64 
.65 
.65 
.65 
.65 

.65 

.63 
.63 
.63 
.63 
.63 
.63 
.60 
.44 
.59 
.73 
.99 
.90 
.64 

.64 
.67 
.64 

Hours 
24 

24 
24 
24 

24 

24 
72 
24 
24 
24 
24 

24 

21 

24 

24 
24 
24 
24 
24 

24 
21 
72 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

24 
24 
24 

Days 
27 

Hours 
48 

f      24 
1      24 
72 
f      48 
1      24 
f      24 
1      48 

Days 
25 

}      - 
24 

}      - 

}      - 

Per 

cent. 
9.8 

9.8 
9.6 
9.5 

9.7 

10.0 
10.7 
10.1 
10.1 
10.3 
9.1 

9.1 

9.0 

9.1 

9.2 

8.1 
8.0 
8.0 

7.8 

7.8 

8.7 

9.3 

9.1 

8.1 

7.8 

9.5 

9.3 

6.3 

8.3 

10.2 

11.8 

12  3 

9.9 

9.9 
9.7 
10.5 

Lbs. 
per  sq. 

in. 
2,660 

2,590 
2,670 
2,000 

2,510 

1,650 
2,000 
2,270 
2,730 
2,220 
2,530 

2,350 

2,700 

2,750 

2,630 
2,250 
2,280 
2,470 
2,620 

2,550 

2,910 
4,220 
4,320 
2,200 
2,500 
1,430 
5,010 
6,  210 
5,060 
3, 380 
2,100 
2,130 
1,420 

1,350 
1,150 
1,4.30 

Lbs. 
persq. 

in. 
3,080 

2,910 
3,220 
3,160 

31,30 

2,630 
2,000 
2,790 
2,900 
2,470 
2,710 

2,480 

3,120 

2,720 

2,470 
2,910 
2,680 
2,850 
2,960 

2,930 

3, 600 
4,430 
4. 040 
2,760 
2,870 
2,730 
4,850 
7,680 
4,  830 
3,090 
1,920 
1,820 
2,240 

2,210 
1,250 
2,790 

Lbs. 
per sg. 

in. 
3,580 

2,930 
3,490 
2,940 

2,630 

3,540 
2,980 
3,040 
3,400 
2,500 
3, 460 

2,830 

3,320 

2,830 

2,600 
2,760 
2,080 
2,440 
2,650 

2,630 

3,590 
4,220 
3,750 
2,780 

2,  500 
3,750 
2,920 
6,490 
.5, 110 

3,  250 
1,680 
1,130 
3,850 

3,130 
1,870 
3,640 

Lbs. 
persq. 
in. 
770 

2,540 

930 

2,720 

2,450 

1,790 

840 

030 

860 

2,430 

2,280 

3,180 

1,970 

3,080 

2,560 
2,790 
2,900 
2,840 
2,590 

2,580 

4,060 
4,  .310 
4,  490 
2,620 
3,010 
3,280 
4,340 
8,000 
5,500 
3,730 
700 
920 
2,140 

1,500 
2,970 

Lbs.  per 

sq.  in. 

23 

87 
27 
93 

93 

51 
28 
21 
25 
97 
66 

112 
59 

109 

98 
101 
139 
116 

98 

98 

113 
102 
120 
94 
120 
87 
149 
123 
109 
115 
42 
81 
56 

48 

0 

82 

Lbs.  per 
sq.  in. 
0 

Lbs.  per 
sq.  in. 

0 

108 

3,390 

109 

0 

0 

110 

3,160 

111 

do 

do 

2,820 

112 

0 
0 
0 
0 
2,580 

0 

113 

do 

do    -.    

} 

} 

} 

} 

} 
1 

25 
25 
25 
25 
53 
53 
52 
52 

52 
25 
25 
24 
24 

24 

0 

114 

27 

48 

48 

48 

48 

f      24 

1      24 

72 

f      48 

1      24 

f      24 

I      48 

48 

f      24 

\      24 

72 

/      48 

I      24 

/      24 

I      48 

100 

155 
212 
155 
155 
212 
155 
1,55 
212 
155 
212 
155 
155 
212 
156 
155 
212 
155 
212 

0 

115 

do 

do 

do 

0 

116 

127 

128 

do             

129 

do 

130 

do 

do 

High  alumina  A.. 
do 

do 

13] 

132 

2,930 
3,140 
3,120 
2,930 

3,170 

133 

134 

135 

do            

136     

do    

142 

do 

143 

do 

25 
25 
25 
25 
35 
35 
35 
35 
35 
35 
35 
35 

35 
35 
35 

144 

do 

'"""26" 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 

48 
48 
48 

100 
155 
212 

145 

do 

do 

146 

218-250., 

Special  A3 

High  alumina  C__ 
High  alumina  B._ 
do 

1,930(45) 
4,380 

800(20) 

254-255- 

276  2 

277-278,. 

5,060 

279  3 

do 

280  < 

do 

High  alumina  C. 
One-half       Port- 
land A ,  one-half 
Portland  B. 
do 

0 

0 

1,340 

970 
0 

292  1 

293 

294 

Sulphur       impreg- 
nated. 

10  per  cent  sulphur 
admi-xed. 

Two    coats    Inertol 
at  70°  F. 

295 

do 

....  do 

375 

'  Figures  in  parentheses  show  percentage  of  normal  strength  as  indicated  by  parallel  tests  on  cylinders  from  same  batches  stored  in  tap  water  in  the  laboratory. 

2  Mix  1:2. 

'  Mix  1:4. 

*  Mix  1:5.  * 
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Fig.  S. — Cylinders  Made  with  Differ- 
ent Brands  of  Standard  Portland 
Cement  After  One  Year  in  Lake 

ANALYSIS  OF  CONCRETE  ARCHES 


"Analysis  of  concrete  arches,"  by  W.  P.  Linton  and 
C.  D.  Geisler,  which  appeared  in  the  June  and  July,  1927, 
issues  of  Public  Koads,  is  now  available  as  a  separate 
publication.  The  authors  have  developed  a  method 
which  greatly  reduces  the  tedious  and  complicated 
processes  usually  followed  in  the  calculation  of  arch 
stresses.  The  method  makes  use  of  a  set  of  standard 
forms,  based  on  formulas  not  greatly  different  from 
those  found  in  other  texts.  Many  of  the  entries  on 
the  forms  are  the  same  for  all  arches  and  can  be  printed 
on  them;  and  the  authors  have  presented  the  various 
steps  in  filling  out  the  forms  in  such  a  way  that  the 
work  is  largely  mechanical  and  the  chances  ot  error 
greatly  reduced. 

A  copy  may  be  secured  by  addressing  the  United 
States  Department  of  Agriculture,  Office  of  Inlorma- 
tion,  Washington,  D.  C. 


REGIONAL  HIGHWAY    PLANNING    SURVEY 
FOR  CLEVELAND 

Field  work  has  been  under  way  since  September  3 
upon  the  Cleveland  regional  highway  planning  survey, 
einl>racing  a  territory  witliin  a  radius  of  approximately 
30  miles  of  Cleveland,  Ohio.  The  survey  is  being 
carried  on  by  the  United  States  Bureau  of  Public 
Koads  and  Cuyahoga  County  as  the  principal  cooper- 
ators.  Information  and  assistance  is  also  being  rendered 
by  the  several  administrative  organizations  responsible 
for  highway  development  in  the  Cleveland  region. 

The  preliminary  work  included  a  comprehensive 
study  of  traffic  density — its  distribution,  origin,  and 
destination — on  the  various  routes  in  the  area.  Tiiis 
is  being  followed  by  a  study  of  the  traffic  capacity  of 
the  various  county  highways  and  the  principal  entrances 
into  the  city  of  Cleveland  and  an  analysis  of  the  present 
highway  system.  Recommendations  as  to  the  location 
of  new'  highways  or  relocation  of  present  routes  will 
involve  consideration  of  the  influence  of  such  factors 
as  topography,  waterways,  railroad  terminals  and 
yards,  large  industrial  plants,  suburban  developments, 
and  special  use  areas.  With  this  information  there  is  to 
be  developed  a  plan  of  highway  improvement  adequate 
for  anticipated  traffic  and  designed  especially  to  elimi- 
nate highway  congestion.  An  improvement  budget 
for  a  period  sufficient  to  carry  the  complete  plan  into 
effect  will  also  be  prepared. 

At  the  present  time  collection  of  field  data  is  prac- 
tically completed  and  a  detailed  analysis  of  this  mate- 
rial is  in  progress.  Traffic  records  were  taken  at  263 
points  in  the  area  and  show  the  daily  and  hourly 
volume  of  passenger  cars,  motor  trucks,  and  motor 
busses  on  all  important  highways.  Information  was 
also  taken  as  to  weights  of  motor  trucks.  Records  as  to 
the  origin  and  destination  were  taken  for  approxi- 
mately l00,000  vehicles.' 

The  "roughometer"  described  in  the  issue  of  Public 
Roads  for  September,  1926,  was  used  in  making  a 
condition  survey  of  the  improved  roads  in  the  area. 
This  instrument  is  attached  to  a  passenger  car  and 
gives  an  accumulated  record  of  the  roughness  of  the 
surfaces  over  which  the  vehicle  is  driven. 


Another  new  instrument,  used  for  the  ffi'st  time  in 
this  survey,  gives  a  record  of  the  speed  at  which  traffic 
moves  at  all  points  along  a  highway.  This  instrument 
is  being  used  in  studying  traffic  congestion  and  tralhc 
capacity  of  various  widths  of  highway. 
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GASOLINE  TAXES   FOR   FIRST  SIX  MONTHS   OF   1927 


state 


Alabama ■ 

Arizona ■ 

Arkansas 

California 

Colorado 

Connecticut- 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana --- 

Iowa 

Kan-sas -- 

Kentucky 

Louisiana 

Maine. 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana.. 

Nebraska.' 

Nevada — 

New  Hamsphire 

New  Jersey 

New  Mexico 

New  York 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma. 

Oregon. 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee -.- 

Texas 

Utah 

Vermont 

Virginia 

AVashington 

West  Virginia 

Wisconsin 

Wyoming 

District  of  Columbia. 

Total 


Gross  tax 
assessed 
prior  to 
deduction 
of  refunds 


Exemp- 
tion 

refunds 

(deducted 

from 

gross 

tax) 


$2,  653,  637 

662,  729 

1,  741,  086 

9,  677,  342 

1,  237,  359 

1,  307,  024 

273,  203 

5,  355,  219 

3,071,528 

637, 373 


4,  697,  106 
2,  865,  439 
2,  217,  3.34 
2,  472.  015 
1,411,554 
761,  073 
1,  831,  099 


5,414,065 

2,  367,  545 

2, 136,  296 

2, 968,  788 

443,  439 

1,  477,  472 

217,  604 

421,  366 


'8  614,  200 


4,  108,  931 
467,  210 

7,  722,  220 
3,  208,  634 

1,  690,  893 
6, 101,  696 

326,  848 

2,  214,  215 
1,  095,  630 
1,  983,  139 

5,  975,  553 
507,  794 
27.5,  536 

3,  298,  085 

1,  734,  604 
1,4,58,314 

2,  018,  397 
257,  275 
551,  405 


$144, 130 
180,  527 
641,  408 
43,  282 


6,112 


30,  679 


132,  395 
88,  256 
326,  089 


18, 148 
57,  257 


380,  267 
93,  218 


47,  723 
15,  076 

7,408 
18,  107 

7,765 


Disposition  of  total  gasoline  tax  earnings  ' 


Total  tax 

earnings  on 

fuel  for 

motor 

vehicles  • 


Collec- 
tion 
costs 
(half 
year) 


$2,  653, 
518, 
1,  560, 
9,  035, 
1, 194, 
1, 307, 
207, 
5,  35.5, 
3,  071, 


$10,  302 


4,  564,  711 
2,  777, 183 

1,  891,  245 

2,  472,  015 
1,411,554 

742,  925 
1,  774,  442 


5,  033,  798 

2,  274,  327 

2, 136,  296 

2,  921,  065 

428,  363 

1,  470,  064 

199,  497 

413,  581 


18  614,  200 


176,387 
71,  277 

182, 394 
12,  258 
77,  684 


25,  877 

3,579 

135,  000 


176, 167 
103,  378 
42,  257 
92, 339 
367 
2,800 


3,  932, 

395, 

7,  539, 

3, 196, 

1,  613, 
6, 101, 

300, 

2,  210, 
960, 

1,  983, 
5,  975, 
567, 
275, 
3, 122, 
1,  031, 

1,  410, 

2,  526, 
256, 
548, 


544 

933 

826 

376 

209 

696 

971 

636 

630 

139 

553 

794 

536 

518 

226  I 

057 

058 

90S 

005 


46,  817 
19,  918 


2,100 
2,100 
5,203 


7,3< 
4,9; 
(«) 


(10) 

5,341 
1,250 


14,  718 
(IJ) 

1,800 
24, 017 
3,150 
3,639 


11,  590 


8,218 


4.149 

m 

(J.) 
2,783 
19,  831 


5,375 


m 


.  101,  250,  841     204,  663 


(3J) 


Construction  and  main- 
tenance of  rural  roads 


State 
highways 


Local 
roads 


$1, 300, 778 
259, 300 
358, 929 

4,  508, 008 
730, 359 

1,  307,  024 
267,  091 

4,  014,  838 

2, 192,  448 
601,  491 


$1,  342.  557 

259,  299 

171,  661 

4, 508, 008 

463,  718 


1,  338,  279 
876, 980 


3,  038,  209 
924,  076 

1,  640,  500 

2,  472,  015 
1,  411,  554 

368,  792 
"  1,  418,  554 


2,  994,  725 
2,  274,  327 

1,  003,  006 

2,  897,  048 
425,  213 

1,  460,  425 

99,  749 

413,  581 


602,  610 


1,519,104 

1,  848, 151 

250,  745 


368,  792 


1,  024, 355 
i,068,"244' 


State  and 
county 
road- 
bond 

payments 


Miscel- 
laneous 


3  $983, 152 


"1,000,000 


99,  748 


' » $354,  638 


16  63, 246 


1,  705,  745 

395,  933 

4,  739,  600 

2, 130, 919 

1,  609,  060 

4, 067,  797 

253,  953 

1, 300,  794 

957,  847 

1,  963,  308 
4, 481,  665 
2'  212, 419 

275,  536 

2,  081,  679 
1,  631,  226 
1, 416, 057 
1,  085,  000 

256,  900 


,:'» 2,218,581 


1,  272,  830 
1,  065,  457 


2,  033,  899 
"'849,' 842' 


1,  040,  839 
"i,'44i,'658" 


47, 018 


>8  350, 000 


69, 616, 088     22, 843,  566     4,  598,  751 


>»  1,  527,  396 


»  1,493,888 


"  548,  605 


3, 987,  773 


Tax  rates,  first  six  months 
of  1927 


Cents  per 
gallon 


Jan.  1    June  30 


2 

4 

3 

3 

4 

5 

2 

2 

2 

3 

2 

2 

2 

3 

4 

4 

3H 

3H 

3 

4 

0 

'0 

3 

3 

2 

2 

2 

2 

5 

5 

2 

2 

3 

3 

2 

4 

0 

0 

2 

2 

2 

2 

4 

4 

2 

2 

3 

3 

2 

2 

4 

4 

2 

3 

0 

"0 

3 

5 

0 

0 

4 

4 

2 

2 

2 

3 

3 

3 

3 

3 

2 

2 

1 

2 

5 

5 

3 

3 

3 

3 

1 

3 

3H 

3K 

•2 

3 

i'A 

4H 

2 

2 

sy? 

ZVi 

2 

2 

2H 

3 

2 

2 

Date  of 

rate 
change 


Jan.    25 


June    9 

(*) 
May    1 


Mar.  24 

m 


Feb.  28 
No.  tax. 


{>) 


Apr.     1 

No    tax. 

CO 


Jan.     1 


May  1 
No  tax. 
Mar.  7 
No  tax. 


May  25 


(") 
June     1 


(») 
Ma'r'.'ie' 
June    1 


(31) 

M'a'r'."i' 


Net  gallons 

of  gasoline 

taxed  and 

used  by 

motor 

vehicles 


17, 
39, 

451, 
67, 
65, 
10, 

133, 
87, 
15, 


096,  599 
286,  641 
013, 981 
796,  681 
701, 371 
351, 209 
329, 754 
880,  422 
757,  935 
750, 489 


152, 
138, 
94, 
49, 
70, 
24, 
57, 


157, 038 
859, 170 
562,  249 
348, 018 
577,  705 
461,  721 
069,  042 


251, 
115, 

51, 
146, 

14, 

73. 
4, 

18, 


689,  874 
891,  613 
826,  257 
053  264 
278,  756 
503,  208 
987,  419 
310,415 


14,  081,  758 


98, 
19, 

336, 

110, 
54, 

305, 
25, 
44, 
32, 
66, 

271, 
16, 
12, 
69, 
81, 
40, 

126, 

9, 

27, 


313,  590 

796,  669 
902,  146 
262,  328 
084,  297 
084,  825 
395,311 
212,  717 
616,933 
104,  639 
417,  466 
222,  709 
130. 292 
259,  098 
561,  285 
458,  768 
302,  901 
244, 481 
430,  267 


Estimated 
additional 
gallons  (not 
taxed)  used 
by  motor 
vehicles 


Aver.  2.55  cents 3,971,423,311 


286, 900,  000 


148,  200, 000 


137,  500, 000 
"375,"iO0,"O0O 


947,  700, 000 


1  Disposition  data  is  estimated  in  some  cases,  and  approximately  allocated  accord- 
ing to  motor  fuel  laws. 

2  Actual  amount  available  for  disposal  excluding  refunds. 

3  On  State  highway  bond-;,  $78,028;  remainder  on  District  road  bonds. 
I  New  3-cent  tax  ellective  July  29,  1927. 

'  Paid  from  oil-inspection  fund. 

'  New  .5-cent  tax  effective  July  1,  1927. 

'  New  2-cent  tax  effective  Aug.  1,  1927. 

'  New  3-cent  tax  effective  July  4,  1927. 

«  Paid  from  State  general  fund,  $4, .500. 
1'  Collection  cost  of  $3,7.">9  from  Legislative  appropriation. 
"  Includes  $125,742  for  elimination  of  grade  crossings. 

■'■Assigned  to  Baltimore  City,  includes  $31,435  for  elimination  of  grade  crossings. 
1'  State  highway  bond  retirements. 
"  New  3-cent  tax  effective  Sept.  4,  1927. 
15  Collection  costs,  $2,300  from  inspection  oil  fund. 

1'  For  sea  wall  to  protect  highway;  collected  by  an  extra  tax  of  2  cents  in  Harrison 
County  and  1  cent  in  Hancock  County. 
1'  New  2-cent  tax  effective  July  1,  1927. 


1'  Includes  $4,402  for  license  fees  for  gasoline  distributing  stations. 

i»  Approximated  by  prorating  motor  vehicle  fees  and  gasoline  taxes  for  interest  on 
road  bonds. 

2"  For  maintenance  of  streets  in  municipalities. 

21  Paid  from  general  fund;  approximately  $40,000. 

"  New  3-cent  tax  effective  July  1,  1927. 

'3  Legislative  approxiation  $5,000  for  the  year. 

"  State  appropriation  of  .$5,000  for  the  year. 

25  New  4-cent  tax  effective  July  1,  1927. 

"  For  free-school  fund. 

"  Not  available  for  road  use  until  1928. 

"  On  State  road  bonds. 

2»  Costs  of  $3,228  paid  from  appropriation  from  State  revenues. 

3»  Collection  costs  and  interest  of  State  road  bonds  chargeable  to  this  fund  but 
amounts  not  reported. 

1  New  4-oent  tax  effective  July  1,  1927. 

32  Appropriation  by  State  of  $5,000  for  half  year. 

"  Excludes  $600  costs  not  charged  to  tax. 

'*  Assigned  by  law  for  use  on  Washington  streets. 
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DIGEST  OF  VERMONT  HIGHWAY  TRANSPORTATION 

SURVEY' 


Reported  by  J.  GORDON  McKAY,  Chief  of  the  Division  of  Highway  Economics,  United  States  B 


ureau  of  Public  Roads 


THE  State  Highway  Department  of  Vermont  was 
established  in  1898  to  act  in  an  advisory  capacity 
to  the  towns.  In  1906  the  principle  of  State  aid 
was  adopted  and  the  State  liighway  department  was 
authorized  to  assume  the  supervision  of  the  construc- 
tion and  maintenance  of  the  main  thoroughfares  upon 
which  State  fimds  were  expended  in  conjunction  with 
funds  of  the  towns.^ 

From  1906  to  1923  the  State-aid  system  was  im- 
proved almost  exclusively  with  gravel  surfaces.  Be- 
tween 1923  and  1926,  besides  adding  to  the  mileage  of 
gravel  roads,  the  surfaces  of  this  type  on  the  more 
heavily  traveled  routes  have  been  surface-treated, 
and  36  miles  of  surfaces  superior  to  gravel  have  been 
constructed. 

The  rapid  increase  in  traffic  on  the  principal  high- 
ways during  the  past  few  years  has  materially  increased 
the  cost  of  maintaining  gravel  surfaces  on  these  routes; 
and  in  1925  the  maintenance  of  roads  and  bridges 
accounted  for  approximately  53  per  cent  of  the  total 
expenditure  on  the  State-aid  system. 

The  principal  highway  problems'  now  confronting 
the  State  are  the  construction  of  surfaces  superior  to 
gravel  on  the  principal  routes,  replacing  the  present 
gravel  sections  upon  which  the  maintenance  has  become 
too  expensive;  the  construction  of  adequate  bridges 
on  these  routes  to  replace  the  remaining  old,  inferior 
structures;  the  establishment  of  a  primary  highway 
system,  including  the  principal  routes,  for  which  the 
State  will  accept  the  full  responsibility  of  financing, 
construction,  and  maintenance;  and  the  establishment 
of  a  secondary  system  of  loighways,  including  routes 
supplementary  to  the  primary  system  to  be  developed 
under  the  control  of  the  State  on  the  State-aid  principle 
in  cooperation  with  the  towns. 

Recognizing  the  need  for  a  definite  program  of  high- 
way improvement  in  accordance  with  the  present  and 
expected  future  traffic  importance  of  the  various  sec- 
tions of  State  highways,  the  Vermont  Highway  Board 
entered  into  an  agreement  with  the  United  States 
Bureau  of  Public  Roads  to  conduct  a  cooperative  sur- 
vey of  transportation  on  the  highways  of  the  State. 

DETAILED  TRAFFIC  DATA  SECURED 

The  survey  was  begun  on  July  16,  1926,  and  con- 
tinued for  a  period  of  three  months. 

During  this  period  traffic  data  were  recorded  on 
two  days  each  month  at  149  points  on  the  Vermont 
liighways.  Each  operation  consisted  of  a  10-hour 
observation  period  alternating  between  6  a.  m.  to  4 
p.  m.  and  10  a.  m.  to  8  p.  m.  Special  observers 
tabulated  traffic  between  8  p.  m.  and  6  a.  m.  Complete 
24-hour  observations  also  were  made  to  serve  as  the 
basis  of  a  computation  of  hourly  variation  in  traffic 
and  of  average  daily  traffic;  and  finally,  traffic  observa- 
tions for  one-week  periods  were  also  made  at  selected 
stations  to  determine  variations  in  traffic  by  days  of 
the  week. 


The  data  obtained  at  each  of  the  observation  point^ 
included  counts  of  passenger  cars,  motor  trucks,  motoi" 
buses,  horse-drawn  vehicles  and  vehicles  carrymg  for- 
eign (extra-State)  registration  tags.  Detailed  motor- 
truck and  passenger-car  data  were  also  recorded  at 
each  station,  the  former  including  the  capacity  of  the 
truck,  State  of  registration,  place  of  ownership,  origin 
and  destination  of  trip,  type  of  origin  and  destination, 
commodity  carried,  and  tire  equipment.  Gross  and 
rear-axle  weights  of  trucks  were  also  measured  by  means 
of  portable  scales.  Passenger-car  data  included  State 
of  registration,  place  of  ownership,  purpose  of  trip, 
origm,  destination,  and  number  of  passengers. 

Traffic  was  observed  on  all  sections  of  the  more 
important  traffic  routes,  including  practically  all  the 
numbered  routes  and  many  other  State-aid  roads  and 
on  representative  sections  of  the  town  roads.     Stations 


I  This  survey  was  conducted  cooperatively  by  the  Bureau  of  Public  Roads  of  the 

TI.  S.  Department  of  Agriculture  and  the  Vermont  State  Highway  Department. 
A  copy  of  the  full  report  may  be  obtained  by  addressing  the  Bureau  of  Public  Roads. 
'  The  town  is  the  local  unit  of  government  in  Vermont. 
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Interviewing  the  Driver  of  a  Grocery  Truck  at  a 
Weighing  Station 

were  located  so  as  to  enable  close  observation  of 
variations  in  traffic  on  the  several  routes  and  sections 
of  routes. 

DENSITY  OF  TRAFFIC  ON  ALL  IMPORTANT  ROUTES  DETERMINED 

There  are  14,900  miles  of  highway  in  Vermont,  of 
which  14,582  miles  are  open  to  public  travel.  Of  this 
mileage  4,462  miles  have  been  selected  as  the  more 
important  highways  in  each  town  and  are  known  as 
State-aid  roads,  the  remaining  10,120  miles  being  town 
roads. 

Of  the  4,462  miles  of  State-aid  roads  1,968  miles 
have  been  numbered  and  marked  by  the  State  high- 
way department.  These  include  the  more  important 
of  the  State-aid  roads;  and  the  Federal-aid  highway 
system  of  1,043  miles  includes  the  more  important  of 
the  numbered  routes. 

This  classification  of  Vermont  highways  is  used 
throughout  the  report  and  the  several  classes  are 
referred  to  invariably  by  the  following  names: 

Federal-aid  system,  1,043  miles. 

Numbered  State-aid  routes  (including  all  numbered  State-aid 
routes  other  than  the  Federal-aid  routes),  925  miles. 

Unnumbered  State-aid  routes  (including  all  State-aid  roads 
which  have  not  been  numbered  by  the  State  highway  depart- 
ment), 2,494  miles. 

Town  roads,  10,120  miles. 
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Upon  the  14,582  miles  of  highway  it  is  estimated 
that  there  was  an  average  daily  mo  tor- vehicle  move- 
ment during  the  period  of  the  survey  of  1,516,000 
vehicle-miles.^  The  average  daily  densitv  of  traffic  is 
shown  in  Figure  1. 

The  State  roads,  comprising  30.6  per  cent  of  the 
total  highway  mileage,  carried  87.2  per  cent  of  this 
total  traffic;  and  the  town  roads,  embracing  69.4  per 
cent  of  the  total  mileage,  carried  only  12.8  per  cent  of 
the  total  traffic.     The  traffic  on  the  State-aid  roads 


Table  1  shows  the  mileage  of  Federal-aid  and  num- 
bered State-aid  routes  by  traffic  classes  in  1926. 

The  variation  on  individual  sections  of  these  routes 
IS  even  greater.  On  the  Federal-aid  system,  traffic 
vanes  from  2,673  vehicles  daily  on  the  section  of  heav- 
iest traffic  to  approximately  100  vehicles  on  the  least 
important  sections.  On  the  numbered  State-aid  routes, 
other  than  Federal-aid,  and  on  the  unnumbered  State- 
aid  routes,  traffic  of  over  1,000  vehicles  daily  was 
observed  only  on  very  short  sections  immediately  adja- 


A    Section    of    Concrete '^Pavement 


Constructed 
NEAR  Pownal 


with  Federal  Aid  on  Route  U.  S.  7 


averages~over  15  times  that  on  the  town  roads;  on  the 
Federal-aid  system  the  traffic  is  more  than  double  that 
on  the  numbered  State-aid  routes,  and  more  than  five 
times  that  on  the  unnumbered  State-aid  roads;  and  the 
traffic  on  the  numbered  State-aid  routes  is  more  than 
double    that    on    the    unnumbered    State-aid    roads. 


3  In  this  report  certain  terms,  frequently  used,  have  invariably  the  same  meaning. 
These  terms  and  their  definitions  are  as  follows: 

Vehicles  refers  only  to  motor  vehicles  (passenger  cars  and  trucks),  exclusive  of 
horse-drawn  conveyances. 

Traffic  is  defined  as  the  movement  to  and  fro  of  vehicles  over  a  highway. 

Density  of  traffic  is  defined  as  the  number  of  motor  vehicles  passing  any  given 
point  on  a  highway  in  a  unit  of  time.  For  example,  on  route  U.  S.  2  between  Mont- 
peher  and  Barre  the  average  daily  density  of  traffic  was  2,576  vehicles,  which  means 
that  during  an  average  24-hour  period  2,576  vehicles  passed  any  given  point  on  this 
2  miles  of  highway.  Unless  a  different  unit  of  time  is  specifically  stated,  density 
of  trafilc  refers  to  the  number  of  vehicles  passing  any  given  point  on  the  highway 
during  a  day  of  24  hours.  The  accuracy  of  the  determination  of  density  of  traflic 
is  influenced  by  the  distance  between  the  survey  stations.  Exactness  of  method 
would  require  a  density  record  for  each  point  on  the  highway  system  where  traffic 
varies.  The  cost  involved  in  proportion  to  the  relatively  small  gain  in  accuracy 
does  not  justify  location  of  traffic  observation  points  at  close  intervals.  The  density 
cumputed  for  each  station  on  the  Vermont  highway  system  is  applied  to  the  short 
sections  of  highway  reasonably  adjacent  to  each  station  on  which  there  is  but  little 
variation  in  traffic.  In  discussions  of  the  utilization  of  the  highway  system,  where 
it  is  desired  to  discriminate  between  the  use  of  the  highway  by  vehicles  and  the  vol- 
ume of  traffic,  the  term  vehicle-miles  per  mile  is  used  in  the  former  connection.  Nu- 
merically, vehicle-miles  per  mile  are  equivalent  to  density  of  traffic. 

Daily  refers  to  a  day  of  24  hours. 

Average  daily  refers  to  an  average  day  during  the  period  of  the  survey  (July  16  to 
October  15,  1926). 

Vehicle-mile  is  defined  as  the  movement  of  a  motor  vehicle  1  mile. 

Average  daily  vehicle-miles  on  the  highway  system  are  calculated  by  multiply- 
ing the  average  daily  density  of  traffic  on  each  section  of  highway  by  the  length  of 
the  section  in  miles  and  adding  the  products. 

Ton-mile  is  defined  as  the  movement  of  a  ton  1  mile. 

Net  tonnage  refers  to  the  net  weight  of  the  motor  truck  cargo. 

Gross  tonnage  or  gross  load  refers  to  the  weight  of  the  loaded  motor  truck,  cargo 
and  vehicle. 

Foreign  traffic  or  vehicles  refers  to  vehicles  having  other  than  Vermont  license 
tags.  Foreign  vehicle-miles  are  calculated  by  applying  the  percentage  of  foreign 
vehicles  at  each  station  to  the  total  vehicle-miles  on  the  sections  of  highway  adjacent 
to  each  station  and  adding  to  obtain  the  total  foreign  vehicle-miles.  Similar  pro- 
cedure is  used  in  calculation  of  farm  and  city,  business  and  nonbusiness,  touring 
traffic,  and  trucking  for  hire. 


cent  to  the  larger  centers  of  population.  The  minimum 
traffic  observed  on  the  numbered  routes  was  33  vehicles; 
on  the  unnumbered  roads  several  sections  were  ob- 
served which  carried  less  than  10  vehicles  per  day.  Of 
the  town  roads  a  considerable  number  of  roads  ob- 
served carry  less  than  5  vehicles  per  day,  and  very  few 
were  observed  to  carry  over  100  vehicles  per  day.  The 
comparatively  small  mileage  of  town  roads  carrying 
over  100  vehicles  per  day  is  found  in  the  immediate 
vicinity  of  villages.  There  is  a  considerable  mileage  of 
town  roads  which,  although  officially  public  roads,  are 
unopened  and  carry  no  traffic. 

In  the  complete  report  the  State  is  divided  into  six 
traffic  sections  which  are  somewhat  comparable  with 
the  distribution  of  population  and  industry,  and  the 
traffic  is  analyzed  on  the  various  classes  of  highways  in 
each  of  these  sections. 


Table  1. — Mileage  of  Federal-aid  and  numbered  State-aid  routes, 
by  traffic  classes — 19S6 


Traffic  class  (vehicles  per  day) 


Over  1,500... 
1,200  to  1,499. 
800  to  1,199... 

400  to  799 

Less  than  400. 

Total... 


Federal-aid  routes 


MiUs 
37 
64 
207 
613 
222 


1,043 


Per  cent 
3.6 
6.1 
19.8 
49.2 
21.3 


100.0 


Numbered  State- 
aid  routes 


Miles       Per  cent 


10 
190 
725 


925 


1.1 
20.5 
78.4 


100.0 
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FOREIGN  TRAFFIC  INCREASES  COST  OF  HIGHWAY  SERVICE 

Foreign  traffic,  i.  e.,  traffic  of  vehicles  registered 
in  other  States,  forms  an  important  part  of  the  total 
traffic  on  Vermont  highways.  The  State  is  traversed 
by  the  main  routes  of  tourist  traffic  between  southern 
New  England  and  Canada  and  between  New  York 
and  the  White  Mountains  and  Maine  coast  resorts,  and 
is  in  itself  an  important  recreational  area. 

Dming  the  period  of  the  siurvey,  motor  vehicles  of 
foreign  registration  made  up  35.6  per  cent  of  the  total 
traffic  on  the  Federal-aid  and  numbered  State-aid 
highways.  Of  the  total  passenger-car  traffic,  36.6  per 
cent  was  of  foreign  registration,  and  the  corresponding 
percentage  for  truck  traffic  was  9.6  per  cent. 


i^ssttemm 


Route  U.  S.  5  near  Hartland.  The  Road  is  Sur- 
faced WITH  Gravel.  Note  the  Standard  Cau- 
tion Sign 

Foreign-truck  traffic  is  small  in  volume,  and  largely 
limited  to  the  areas  adjacent  to  the  State  boundaries. 
In  capacity  and  loading  the  foreign-truck  traffic  is 
similar  to  Vermont  truck  traffic. 

Of  the  1,043  miles  of  Federal-aid  highways,  114  miles 
carried  foreign  passenger-car  traffic  in  excess  of  500 
vehicles  daily,  513  miles  carried  between  200  and  500  for- 
eign vehicles,  and  416  miles  less  than  200  foreign  vehicles. 

Route  U.  S.  7,  from  the  Massachusetts  line  near 
Pownal  to  the  Canadian  border  near  Highgate  Springs, 
carried  the  greatest  volume  of  foreign  passenger-car 
traffic,  such  traffic  being  43.3  per  cent  of  the  total 
passenger-car  traffic  on  the  route.  The  large  volume 
of  foreign  traffic  on  Vermont  highways  adds  consider- 
ably to  the  cost  of  providing  liighway  service  on  the 
main  routes  of  travel.  Tins  volume  of  foreign  traffic, 
in  addition  to  local  Vermont  traffic,  results  in  increased 
maintenance  costs  on  present  improvements,  which  are 
loaded  beyond  their  economic  capacity,  and  makes 
necessary  earlier  improvement  or  reconstruction  of 
these  routes  by  the  construction  of  surfaces  superior 
to  gravel.  The  present  contribution  of  foreign  traffic 
to  Vermont  highway  revenue  is  limited  very  largely  to 
that  derived  from  the  taxation  of  gasoline  sold  to 
operators  of  foreign  cars  and  it  is  doubtful  if  this 
revenue  is  at  all  commensurate  with  the  increased  cost 
of  providing  highway  service  caused  by  foreign  traffic. 

TRUCKING  IMPORTANT  ONLY  ON  SHORT  SECTIONS  OF  THROUGH 

ROUTES 

Except  on  a  comparatively  small  part  of  the  highway 
mileage,  motor-truck  traffic  on  the  highways  of  the 
State  is  a  minor  part  of  total  motor-vehicle  traffic. 
The  construction  of  surfaces  to  carry  passenger  cars 
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MOTOR  TRUCKS  PER  DAY 

Fig.    2. — Classification    of    Federal-aid    Road    Mileage 
According  to  the  Number  of  Motor  Trucks  Carried 

will  in  the  majority  of  cases  be  adequate  for  such  motor- 
truck traffic  as  there  is.  There  are,  however,  major- 
traffic  routes,  particularly  those  near  the  larger  cities 
and  villages,  on  which  the  density  of  truck  traffic  is 
sufficiently  great  to  require  special  consideration  in 
highway  planning. 

There  is  a  large  nnleage  of  road  that  carries  less  than 
50  trucks  a  day,  even  on  the  Federal-aid  system,  as 
shown  by  Figure  2.  Of  the  1,043  miles  of  the  latter 
system,  only  241  carry  50  or  more  trucks  a  day;  and  of 
the  925  miles  of  numbered  State-aid  routes,  only  48 
miles  carry  truck  traffic  of  that  density. 

Approximately  35  per  cent  of  the  mileage  of  the 
Federal-aid  and  numbered  State-aid  highways  carried 
less  than  20  trucks  per  day,  and  85.3  per  cent  less  than 
50  trucks,.  On  13.6  per  cent  of  the  mileage  there  was 
a  density  of  from  50  to  99  trucks,  and  on  1.1  per  cent 
100  or  more  trucks  per  day. 

No  one  route  stands  out  as  a  main  ti'ucking  route. 
There  are  short  sections  on  practically  every  important 
highway  route  which  carry  a  considerable  number  of 
trucks.  These  sections  are  distributed  throughout  the 
State.  The  longest  is  on  Route  U.  S.  2  from  Burlington 
to  East  Barre,  a  distance  of  37.9  miles,  on  which  motor- 
truck traffic  varied  from  60  to  161  trucks  at  various 
points. 

Practically  all  of  the  important  trucldng  routes  in 
the  State  are  included  in  the  Federal-aid  system;  and 
of  the  Federal-aid  mileage  carrying  50  or  more  trucks 
per  day,  approximately  two-thirds  is  on  the  United 
States  routes. 
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CAPACITY  AND  LOADING  OF  TRUCKS  ANALYZED 

The  provision  of  highway  facilities  for  motor-truck 
traffic  in  Vermont  involves  varied  problems  according  to 
the  capacity  and  weight  of  trucks  as  well  as  the  density 
of  the  traffic.  On  roads  where  few  or  no  trucks  of  2 
tons  or  larger  capacity  were  found,  highway  planning 
need  make  no  other  provision  than  that  required  for 
passenger-car  traffic.  Trucks  of  less  than  2  tons 
capacity,  97  per  cent  of  which  are  equipped  with  pneu- 
matic tires  on  their  rear  wheels,*  have  much  the  same 
effect  upon  highway  surfaces  as  passenger  cars. 

Where  trucks  of  2  tons  or  greater  capacity  occur  in 
appreciable  numbers  they  must  be  given  consideration 
in  highway  planning.  These  trucks  carry  considerably 
heavier  loads  than  passenger  cars  and  approximately 
53  per  cent  of  them  are  equipped  with  other  than 
pneumatic  tires  on  the  rear  axle. 

Figure  3  shows  the  distribution  by  capacity  groups 
of  loaded  motor  trucks  observed  on  the  highways  of 
the  State. 


Motor  trucks  of  2  to  2 1^  tons  capacity  were  approxi- 
mately one-fifth  of  the  observed  trucks,  those  of  less 
than  2  tons  capacity  77.4  per  cent,  those  of  3  to  4  tons 
capacity  comprised  only  3.3  per  cent,  while  those  of 
5  tons  or  greater  capacity,  being  only  0.4  per  cent  of 
the  total  number  of  trucks  observed,  were  a  negligible 
part  of  the  total  truck  traffic. 
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Fig.  3. — Distribution  of  Loaded  Motor  Trucks  by 
Capacity  Classes 


*  The  rear  axle  of  a  truck  delivers  a  greater  impact  to  the  road  surface  because  it 
carries,  on  an  average  in  Vermont,  69  per  cent  of  the  total  gross  load. 

74564—27 2 


An  ATn;A.  ii\i.   \'ista  m.\  the   Connecticut   Eiver 
R,0AD.    The  Road  Has  an  Oiled  Gravel  Surface 

As  shown  in  Table  2,  loaded  trucks  of  less  than  2  tons 
capacity  carry  an  average  cargo  of  1,800  pounds  and 
have  an  average  gross  load  of  5,140  pounds. 

Table  2. — Average  weight  per  loaded  truck  by  capacity  classes 


Average    |    Average 
net  weight  i      gross 
of  cargo         weight 


Tons: 

H  to  VA- 
2to2H.- 
3  to  4-... 
5  to  73^.- 


Pounds  Pounds 
1,800  I  5,140 

4,920  12,410 

5, 490  15, 100 

8,200  I  20,300 


That  mo  tor- truck  traffic  in  Vermont  is  predominantly 
a  movement  of  smaU  trucks  carrying  light  loads  is  fur- 
ther indicated  by  the  fact  that  72.8  per  cent  of  the 
loaded  trucks  weigh  less  than  8,000  pounds  gross  and 
87  4  per  cent  less  than  12,000  pounds  gross.  Only  3.9 
per  cent  weigh  16,000  or  more  pounds,  as  shown  in 
Table  3. 
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Table  3. — Loaded  trucks  classified  by  gross  weight 


Gross  weight 

Loaded  trucks 

Average 

net  weight 

of  cargo 

Average 

gross 
weight 

Thousand  pounds: 

Number 
869 
1,431 
463 
276 
124 

Per  cent 

27.5 

45.3 

14.6 

8.7 

3.9 

Pounds 
630 
2,000 
3,600 
5,680 
9,030 

Pounds 
3,060 

4  to  8                               

5,640 

8to]2            

9,580 

12  to  16                              

13, 800 

18, 280 

Total                                          

3,163 

100.0 

2,450 

6,710 

Trucks  of  over  16,000  pounds  gross  weight  carry  an 
average  cargo  of  9,030  pounds  and  have  an  average 
gross  weight  of  18,280  pounds. 


The  River  Road  Between  Farley  and  Bradford — A 
Gravel  Road  Constructed  With  Federal  Aid 

Extensive  use  of  trucks  of  2  tons  capacity  or  larger 
is  hniited  to  a  relatively  small  mileage  of  the  highways 
of  the  State.  On  Federal-aid  liighways,  the  principally 
traveled  routes  of  the  State,  less  than  10  trucks  of  2 
tons  or  larger  capacity  are  fovmd  on  68.4  per  cent  of  the 
mileage  as  shown  in  Table  4. 

Table  4.- — Mileage  of  Federal-aid  and  other  numbered  State-aid 
highways  by  density  of  traffic  of  2-ton  or  larger  trucks 


Two-ton  and  larger  trucks  per  day 

Federal-aid  high- 
ways 

other  numbered 
State-aid  highways 

0to9 

Miles 

713 

284 

36 

10 

Per  cent 

68.4 

27.2 

3.4 

1.0 

Miles 

839 

59 

21 

6 

Per  cent 
90  7 

10  to  19 

6  4 

20to29.- 

2  3 

30  and  over 

5 

Total 

1,043 

100.0 

925 

100  0 

MOTOR-BL'S   AND   MOTOR-TRUCK   LINES  ARE   OF  INCREASING 
IMPORTANCE 

Motor-bus  traffic,  although  small  in  total  volume,  is 
important  on  certain  of  the  Federal-aid  and  numbered 
State-aid  routes,  and  on  a  few  of  the  unnumbered 
State-aid  roads. 

In  1926  there  were  52  companies  or  individuals 
licensed  by  the  public  service  commission,  engaged  in 
intrastate  and  interstate  bus  transportation,  operating 
on  regular  schedules  over  approximately  671  mUes  of 
Federal-aid  roads,  168  miles  of  numbered  State-aid  and 
62  miles  of  unnumbered  State-aid  routes. 

On  portions  of  several  of  the  main  routes  two  or 
more  bus  lines  operate,  some  being  through  lines  and 
others    serving    the   local    commimities.     Burlington, 


Rutland,  Montpelier,  and  White  River  Junction  are 
the  principal  termini  of  motor-bus  transportation  lines. 

The  busses  observed  varied  in  capacity  from  5  to  38 
passengers  each;  approximately  one-third  had  a  capac- 
ity of  less  than  10,  and  one-half  a  capacity  of  20  or 
more  passengers. 

Busses  of  small  passenger  capacity  are  similar  to  the 
ordinary  passenger  automobile  and  require  no  special 
consideration,  but  the  large-capacity  bus  traveling  at 
high  speed  may,  when  present  in  large  numbers, 
require  special  consideration  both  as  to  width  of  sur- 
face and  design  of  pavement. 

In  1926  there  were  16  licensed  trucking  concerns 
operating  over  fixed  routes  and  on  regular  schedules. 
These  routes  covered  approximately  346  mUes  of 
Federal-aid  routes,  74  miles  of  numbered  State-aid 
routes,  and  17  miles  of  unnumbered  State-aid  roads. 

The  capacities  of  trucks  engaged  in  this  form  of 
common-carrier  transportation  varied  from  1  to  2J^ 
tons. 

While  the  tonnage  hauled  by  comjjanies  operating 
for  hire  is  small  compared  to  the  tonnage  of  the  total 
truck  traffic,  it  is  of  growing  importance  in  those  sec- 
tions which  have  inadequate  railroad  transportation. 

SURVEY  SHOWS  EXTENT  OF  HIGHWAY  USE 

During  the  period  of  the  survey,  motor-vehicle 
traffic  on  the  highways  of  the  State,  of  which  there  are 
14,582  miles,  was  approximately  139,472,000  vehicle- 
miles,  an  average  of  1,516,000  vehicle-miles  per  day. 
The  distribution  of  this  traffic  by  classes  of  highway — 
Federal-aid,  other  numbered  State-aid  routes,  un- 
numbered State-aid  routes,  and  town  roads — is  shown 
in  Table  5. 

Table    5 — Motor    vehicle    utilization    and    mileage    of    Vermont 
highways  by  systems 


Highway  system 

Highway 
mileage 

Average  daily 
vehicle-mileage 

Average 

daUy 

density 

of  traffic 

Federal-aid  system 

Miles 

1,043 

925 

2,494 

10, 120 

Per 
cent 
7.2 
6.3 
17.1 
69.4 

Vehicle-         Per 
miles       1     cent 
732,000  1      48.3 
271,000  ;       17.9 
318,000         21.0 
195,000         12.8 

702 

Numbered  State-aid  routes  ' 

Unnumbered  State-aid  routes 

Town  roads 

293 

128 

19 

Total 

14, 582 

100.0 

1,516,000       100.0 

'  Numbered  State-aid  routes  other  than  Federal-aid  routes.  The  numbered  State- 
aid  routes  in  1926  included  the  Federal-aid  system  of  1,043  miles,  and  other  numbered 
routes,  925  miles,  a  total  of  1,968  miles. 

The  Federal-aid  highway  system,  7  per  cent  of  the 
certified  highway  mileage  and  7.2  per  cent  of  the 
mileage  of  traveled  public  roads,  carried  approximately 
one-half  of  the  total  traffic  on  all  roads  of  the  State. 
The  present  numbered  routes,  13.5  per  cent  of  the 
highway  mileage,  which  includes  the  Federal-aid 
system,  carried  two-thirds  of  the  total  traffic.  Town 
roads,  69.4  per  cent  of  the  total  highway  mileage, 
carried  only  12.8  per  cent  of  the  traffic. 

The  routes  selected  for  uniform  numbering  by  the 
American  Association  of  State  Highway  Officials;  in- 
cluding U.  S.  2,  U.  S.  4,  U.  S.  5,  and  U.  S.  7  are  the 
most  important  through  traffic  routes  in  the  State. 
These  routes,  aggregating  525  miles  in  length,  approxi- 
mately 50  per  cent  of  the  Federal-aid  system,  carry 
approximately  60  per  cent  of  the  trafiic  on  the  system. 
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01  the  tramc  on  the  system. 

COMPOSITION  OF  TRAFFIC  DISCUSSED 

The  comparative  use  of  the  highways  of  the  State  by 
vehicles  of  Vermont  and  foreign  registration,  by  city 
and  farm-owned  vehicles,  and  by  various  other  types  of 
vehicles  can  be  expressed  accurately  in  vehicle-miles  ' 

The  total  passenger-car  use  of  the  Federal-aid  and 
numbered  btate-aid  roads  on  an  average  day,  during 
the  transportation  survey,  was  940,600  passenger-car- 
mdes.  The  distribution  of  this  traffic  according  to 
registration  ownership,  type  of  trip,  and  type  of  usage 
of  cars  is  shown  in  Table  6. 


state  of  registration: 

Vermont.- 

Foreign 

Place  of  ownership: 

City __. 

Farm 

Type  of  trip: 

Touring... 

Nontouring 

Type  of  usage: 

Business 

Pleasure. 

All  types 


596,300  ' 
344,300 

845,600 
95,000 

134,500 
806, 100 

317,000 
623,600 


63.4 
36.6 


14.3 
85.7 


33.7 
66.3 


940, 6C0 


100.0 


Standard   U.   S.   Route   Marker  on  U.  S.  Route  No.  5,   Near  ll.utTLA.\D 


Foreign  traffic  amounts  to  344,300  passenger-car- 
miles  per  day,  or  36.6  per  cent  of  the  total  passenger- 
car  mileage. 

The  traffic  of  farm-owned  passenger  cars  comprises 
10.1  per  cent  and  of  city-owned  passenger  cars,  89.9 
per  cent  of  the  total  passenger-car  traffic  on  the 
Federal-aid  and  numbered  State-aid  routes. 

The  volume  of  farm-owned  passenger-car  traffic 
varies  with  the  agricultural  development  of  the  area 
served  by  the  routes  but  is  more  nearly  uniform  on  all 
routes  than  is  the  case  with  city-owned  traffic.  On 
heavy-traffic  routes  farm-owned  traffic  forms  a  very 
small  part  of  the  total.  On  light-traffic  routes  off  the 
main  routes  of  travel  and  not  adjacent  to  centers  of 

'  The  various  types  of  traffic  are  defined  as  follows: 

State  of  registration:  Vermont  includes  all  motor  vehicles  registered  in  Vermont; 
foreign  includes  al!  motor  vehicles  not  registered  in  Vermont. 

Place  of  ownership:  Farm  includes  all  motor  vehicles  owned  by  persons  residing 
on  farms;  city  includes  all  motor  vehicles  owned  by  persons  residing  in  cities,  villages, 
or  urban  areas. 

Type  of  usage:  Business  indicates  that  the  car  on  the  trip  recorded  was  being  used 
for  business  purposes;  pleasure  indicates  that  the  car  on  the  trip  recorded  was  being 
used  for  pleasure  or  recreational  purposes. 

Type  of  trip:  Touring  includes  all  trips  of  more  than  one  day's  diu-ation  taken 
primarily  for  recreation;  nontouring  includes  all  other  trips. 

Type  of  trucking:  For  hire  includes  all  trucks  engaged  in  hauling  commodities 
either  on  a  contract  or  tariff  basis. 


population,  farm-owned  traffic  forms  a  much  larger 
part  of  total  traffic. 

The  importance  of  long-distance  touring  traffic  on 
Vermont  highways  is  indicated  by  the  fact  that  14.3 
per  cent  of  the  total  passenger-car  traffic,  measured  in 
vehicle-miles,  is  made  up  of  touring  trips.  This  traffic 
is  largely  of  foreign  registration  and  limited  to  the 
main  through  routes  and  routes  leading  to  points  of 
historic  or  scenic  interest. 

Approximately  two-thirds  of  the  passenger-car 
traffic,  measured  in  vehicle-miles,  on  the  Federal-aid 
and  other  numbered  State-aid  routes  is  made  up  of 
cars  used  for  pleasure  or  recreational  purposes.  This 
traffic  is  limited  largely  to  the  main  routes  of  travel, 
the  scenic  routes,  and  routes  in  the  summer-resort 
areas. 

The  distribution  by  length  of  trip,  as  shown  in 
Table  7,  is  based  on  the  entire  trip  from  point  of  origin 
to  point  of  destination,  which — particularly  for  long- 
distance traffic — includes  a  considerable  mileage  on 
highways  of  adjacent  States.  The  average  total  trip 
mileage  and  trip  mileage  on  highways  of  Vermont  for 
each  type  of  passenger  car  traffic  are  shown  in  Table  8. 
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Table  7.— Distribution  of  passenger-car  traffic  by  length  of  trip 


Type  of  passenger 

-car  trafiBc 

Length  of  trip 

Total 

Ver- 
mont 

For- 
eign 

City 

Farm 

Tour- 
ing 

Non- 
tour- 
ing 

Busi- 
ness 

Pleas- 
ure 

Miles 

Less  than  10 

10  to  19 - 

Per 

cent 
29.8 
16.1 
6.9 
5.0 
3.8 
2.4 
1.9 
1.8 
1.5 
1.4 
5.3 
4.0 
8.4 
11.7 

Per 
cent 
42.0 
21.9 
8.7 
6.1 
4.5 
2.6 
2.1 
1.8 
1.3 
1.2 
3.6 
L4 
1.8 
LO 

Per 
cent 
10.8 
6.9 
4.1 
3.1 
2.7 
2.0 
L6 
1.8 
1.8 
1.7 
8.1 
8.1 
18.8 
28.5 

Per 
cent 
28.1 
16.1 
7.0 
5.1 
3.9 
2.5 
L9 
L8 
1.5 
1.5 
5.5 
4.1 
8.8 
12.2 

Per 
cent 
75.6 
15.0 
3.7 
2.7 
1.0 
0.0 
0.3 
0.7 
0.0 
0.0 
LO 
0.0 
0.0 
0.0 

Per 
cent 
0.0 
0.0 
0.0 
0.0 
0.0 
0.4 
0.5 
1.1 
1.0 
0.8 
4.2 
6.4 
27.6 
58.0 

Per 
cent 
36.3 
19.6 
8.4 
6.1 
4.6 
2.8 
2.2 
L9 
1.6 
1.5 
5.6 
3.5 
4.3 
L6 

Per 
cent 
43.0 
21.6 
7.9 
5.0 
3.8 
1.7 
2.1 
1.6 
1.3 
0.9 
4.6 
2.4 
2.8 
1.3 

Per 

cent 
23.1 
13.3 

20  to  29     . 

6.4 

30  to  39 

5.0 

40  to  49      .   -  - 

3.8 

50  to  59-.- 

2.7 

60  to  69    

1.8 

70  to  79      . 

1.8 

80  to  89 

1.6 

90  to  99      . 

1.7 

100  to  149 

150  to  199 

200  to  299 

300  and  over 

5.7 
4.8 
11.3 
17.0 

Total 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

'  Based  upon  a  total  of  8,262  cars. 
Table  8. 


Average  mileage  per  trip  and  average  passengers  per  car 
for  various  types  of  passenger-car  traffic 


Type  of  traffic 


State  of  registration: 

Vermont 

Foreign 

Place  of  ownership: 

City 

Farm 

Type  of  trip: 

Touring 

Nontouring 

Type  of  usage: 

Business 

Pleasure 


Average  mileage 

per  trip  ' 

On 

Total 

Vermont 

highways 

31 

24 

199 

75 

102 

46 

12 

11 

348 

118 

47 

30  ! 

38 

25 

123 

52 

Average 
number 
of  pas- 
sengers 
per  car 


2.7 
3.0 


2.8 
2.4 


3.3 
2.7 


L9 
3.2 


I  Averages  shown  are  the  arithrcetic  mean  of  the  trip-mileage  of  cars  observed. 
This  average  is  influenced  greatly  by  exceptionally  long  trips,  but  provides  a  reliable 
basis  of  comparing  the  various  types  of  trafEc. 

Average  daily  motor-truck  use  of  the  Federal-aid 
and  other  State-aid  highways  during  the  period  of  the 
survey  was  62,400  vehicle-miles.  The  distribution 
of  this  traffic  by  place  of  registration,  ownership,  and 
type  of  trucking  is  shown  in  Table  9. 


Table  9.- 


-Composition  of  motor-truck  traffic  on  the  Federal-aid 
and  numbered  State-aid  roads 


Type  of  truck  traflac 


Per  cent 
of  total 
daily 
truck- 
miles 


State  of  registration: 

Vermont _ 

Foreign. 

Type  of  trucking: 

For  hire 

other  than  for  hire 

Place  of  ownership: 

City 

Farm 

Total 


100.0 


The  proportionate  use  of  highways  in  the  State  by 
trucks  of  foreign  registration  is  considerably  less  than 
the  use  by  foreign  passenger  cars.  As  shown  in  Table 
9  only  9.6  per  cent  of  the  total  motor-truck  miles  is 
produced  by  foreign  trucks. 


Foreign  trucks  operate  primarily  upon  the  prin- 
cipally traveled  routes  near  the  State  boundaries. 
Used  household  furniture,  fresh  fruits,  groceries,  gaso- 
line, and  bakery  goods  are  the  principal  commodities 
hauled  by  them. 

Little  difference  was  found  in  the  average  net  cargo 
hauled  by  Vermont  and  foreign  trucks,  that  of  the 
former  being  2,460  pounds  and  of  the  latter  2,360 
pounds. 

The  use  of  the  Federal-aid  and  numbered  State-aid 
roads  by  trucks  for  hire  totals  13,900  truck-miles  per 
day,  or  22.2  per  cent  of  the  total  truck  use  of  these 
highways.  These  trucks  are  engaged  principally  in 
the  hauling  of  clay,  gravel,  sand,  stone,  milk,  lumber, 
used  household  furniture,  and  general  freight.  Approx- 
imately 70  per  cent  of  the  trucks  operating  for  hire 
are  engaged  in  the  transportation  of  these  commodities. 
The  average  net  cargo  of  trucks  operated  for  hire  is 
3,300  pounds  as  compared  with  2,240  pounds  for  other 
trucks. 

City-owned  trucks  comprise  81.1  per  cent  of  the 
motor-truck  use  of  the  same  systems  as  shown  in  Table 
9.  The  loads  carried  by  city-owned  trucks  are  con- 
siderably greater  than  those  hauled  by  farm-owned 
trucks.  The  average  net  cargo  hauled  by  city  trucks 
is  2,710  pounds  as  compared  with  1,270  pounds  for 
farm-owned  trucks.  This  small  cargo  hauled  by  farm- 
owned  trucks  and  a  correspondingly  low  gross  weight 
indicate  that  the  use  of  the  highways  of  the  State  by 
farm-owned  trucks  is  mainly  by  small-capacity  trucks, 
hauling  light  loads. 

That  motor-truck  traffic  is  primarily  a  local  and 
short-haul  movement  is  shown  by  Table  10.  Of  the 
loaded  trucks  observed  on  the  principal  highways  of 
the  State,  45.2  per  cent  were  traveling  less  than  10 
miles  per  trip  and  78.4  per  cent  less  than  30  miles. 
Of  the  net  tonnage  of  commodities  transported  42.7 
per  cent  was  being  hauled  less  than  10  miles  and  78 
per  cent  less  than  30  miles.  Only  7.8  per  cent  of  the 
net  tonnage  hauled  by  loaded  trucks  was  transported 
60  miles  or  more. 

Table  10. — Distribution  of  motor-truck  traffic  by  length  of  trip  ' 


Length'  of  trip 

Motor 
trucks 

Net  cargo 
tonnage 

Miles: 

Less  than  10 -- 

Per  cent 

45.2 

22.9 

10.3 

6.3 

5.0 

2.8 

1.3 

LO 

.8 

.6 

3.8 

Per  cent 
42.7 

10  to  19 

25.8 

20to29 

9  5 

30to39 -  --           - 

6.4 

40to49  

5.0 

50to59.-- 

2.8 

60  to  69..--.- 

1.3 

70to79 - 

1  1 

80  to  89 

.7 

90to99     --- 

6 

100  and  over -  

4  1 

Total 

100.0 

100.0 

I  Based  upon  3,163  loaded  trucks. 

The  distribution  by  lengths  of  trip,  as  shown  in 
Table  10,  is  based  on  the  total  trip  from  point  of 
origin  to  point  of  destination,  which — particularly  for 
the  longer  trips — includes  the  mileage  traveled  on 
highways  of  adjacent  States.  The  average  total  trip 
mileage,  the  trip  mileage  on  the  highways  of  Vermont, 
the  average  net  cargo  weight  and  the  average  gross 
weight  per  truck  for  each  type  of  truck  traffic  are 
shown  in  Table  11. 
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Table  11. — Average  mileage  per  trip  and  average  weight  per  truck 
for  various  types  of  motor-truck  traffic 


Average  mileage 
per  trip  i 


Type  of  truck  traffic 


Average  weight 


Total 


State  of  registration: 

Vermont 

Foreign 

Type  of  trucking: 

For  liire 

Other  than  for  hire. 

Place  of  ownership: 

City __ 

Farm 


11 

On  Ver- 
mont 

Net 

highways 

cargo 

Pounds 

19 

16 

2,460 

by 

30 

2,360 

24 

18 

3,300 

23 

18 

2,240 

26 

20 

2,710 

12 

11 

1,270 

Gross 


stations  during  the  1926  survey  it  was  found  that  38.6 
per  cent  of  the  traffic  was  foreign.  In  New  Hampshire, 
which  also  has  a  large  volume  of  foreign  traffic,  traffic 
counts  obtained  in  1918,  1922,  and  1926  indicate  that 
foreign  traffic  at  corresponding  points  was  41  per  cent 
of  the  total  in  1918;  40  per  cent  in  1922;  and  48  per 
cent  in  1926. 

These  data  indicate  that  foreign  traffic  in  these  States 
is  increasing  slightly  more  rapidly  than  local  traffic  and 
that  a  forecast  of  total  traffic  on  Vermont  highways 
based  on  motor-vehicle  registration  in  the  State  would 
8,040  be  conservative,  but  for  a  short  period  of  years  would 
represent  total  traflftc  with  reasonable  accuracy. 

7, 200  '' 

4, 440 


Pounds 
6,660 
7,260 


'Averages  shown  are  the  arithmetic  mean  of  trip  mileage  of  trucks  observed 
This  average  is  influenced  by  the  relatively  small  number  of  long  trips  but  provides 
a  reliable  basis  of  comparing  the  various  types  of  traffic. 

FUTURE  TRAFFIC  FORECAST 

Since  no  adequate  historical  series  of  traffic  records 
are  available  in  Vermont  it  is  impossible  to  make  a 
forecast  based  directly  upon  past  trends.  In  States 
where  historical  series  of  traffic  records  are  available 
highway  traffic  and  motor-vehicle  registration  have 
been  found  to  increase  at  equal  rates.  A  comparison 
of  highway  traffic  and  motor-vehicle  registration  in 
Maine,_ Maryland,  Massachusetts,  Michigan,  and  Wis- 
consin is  shown  in  Figure  4. 


MASSACHUSETTS, 


HIGHWAY  TRAFFIC 

MOTOR  VEHICLE  RECISTRATIOM 


NOTE.    SINCE   THE  MAGNITUDES   INVOLVED  IN  THE 
DATA  VABV  GREATLV,  THEV  HAVE  BEEN  PLOTTED 
ON    LOGARITHMIC  SCALES.    THE  RESULTING 
CURVES  HAVE  BEEN  MOVED  VERTICALLY 
TO  PERMIT  EASY  COMPARISON  OF  THE 
RATES  OF  INCREASE  OF  TRAFFIC 
AND  REGISTRATION  IN  THE 
SEVERAL  STATES. 


YEARS 

Fig.  4. — Trends  of  Highway  Traffic  and  Motor  Vehicle 
Registration  in  Massachusetts,  Maryland,  Maine, 
Wisconsin,  and  Michigan 

Vermont  varies  from  these  States  with  respect  to 
traffic  growth  principally  in  the  volume  of  foreign 
traffic  on  the  more  important  highways  and  in  the 
rate  of  population  increase.  The  proportion  of  foreign 
traffic  on  Vermont  highways  was  recorded  at  33  points 
during  a  traffic  count  conducted  by  the  State  highway 
department  in  August,  1924.  At  32  of  these  points, 
which  were  similar  in  location  to  stations  of  the  1926 
survey,  it  was  found  that  38.1  per  cent  of  the  cars  were 
of  foreign  registration.     At  the  32  similarly  located 


A  Bituminous  Macada.m  Kuad  Near  Addison 

Motor- vehicle  registi'ation  can  be  predicted  on  the 
basis  of  exact  records  available  since  1913.  The  in- 
crease in  motor-vehicle  registration  is  a  function  of  two 
variables  (1)  increase  in  population  and  (2)  the  increase 
in  ownership  and  use  of  motor  vehicles  in  proportion  to 
population,  measured  by  the  number  of  persons  per 
motor  vehicle. 

Population,  motor-vehicle  registration,  and  persons 
per  car  from  1913  to  1926  and  extended  to  1936  are 
shown  in  Table  12. 

The  persons  per  car  for  each  year  from  1913   to 

1925  and  the  extension  of  the  trend  to  1936  are  shown 
in  Figure  5. 

The  trend  of  motor-vehicle  registration  in  Vermont 
from  1913  to  1926,  inclusive,  indicates  an  increase  in 
registration  of  39.8  per  cent  between  1926  and  1931, 
and  of  24.5  per  cent  between  1931  and  1936,  or  an 
increase  of  74  per  cent  for  the  10-year  period  from 

1926  to  1930.^  Assuming  a  uniform  rate  of  increase 
in  traffic  and  mo  tor- vehicle  registration,  traffic  may  be 
expected  to  increase  in  the  same  ratio  as  the  regis- 
tration. 

This  rate  of  increase  in  highway  traffic  will  apply 
for  the  State  as  a  whole.  Traffic  originating  in  the 
areas  of  the  State  which  are  rapidly  increasing  or  de- 

«  Based  on  actual  registration  in  1926,  which  is  the  measure  of  traffic  for  this  year 

and  estimated  registration  in  1931  and  1936. 
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Table  12. — Comparison  of  population  and  the  number  of  motor 
vehicles  in  the  State  of  Vermont 


Popula- 
tion 1 
(hundreds) 

Registration  of  motor 
vehicles  (hundreds) 

Persons  per  car 

Actual 

Estimated 

Actual 

Estimated 

1913          

3,548 
3,544 
3,541 
3,537 
3,533 
3,530 
3,526 
3,524 
3,524 
3,524 
3,524 
3,524 
3,524 
3,524 
3,524 
3,524 
3,524 
3,624 
3,524 
3,524 

59 
85 
115 
157 
216 
226 
268 
316 
373 
439 
528 
612 
696 

62 
85 
114 
149 
188 
233 
284 
339 
397 
459 
523 
589 
655 

60.0 
4L8 
30.8 
22.6 
16.3 
15.6 
13.2 
11.1 
9.46 
8.03 
6.68 
5.76 
5.07 
4.76 

57.6 

1914                 

41.6 

1915 — - 

1916... 

1917... 

1918... 

1919..  

31.1 
23.8 
18.8 
15.1 
12.4 

1920              

10.4 

1921                              

8.87 

1922 

7.68 

1923 

6.74 

1924 

5.99 

1925                          

5.38 

1926 

741   1                722 

4.88 

1927                              

788 
853 
916 
977 
1,036 
1,290 

4.47 

1928 

4.13 

1929 

3.85 

1930 

3.61 

1931                              

3.40 

1936 

2.73 

'  Population  as  of  July  1,  each  year.  For  the  years  1913  to  1923,  inclusive,  the  popu- 
lations given  are  Bureau  of  Census  estimates.  Those  for  the  years  1924  to  1936,  in- 
elusive,  are  e.xtensions  by  the  method  used  by  the  Bureau  of  the  Census. 

creasing  in  population  will  increase  more  or  less  rapidly 
than  the  average.  Such  areas,  however,  are  small  and, 
considering  the  volume  of  traffic  on  the  principal  high- 
ways which  originates  outside  of  the  immediate  local 
areas,  the  application  of  a  uniform  rate  of  traffic  in- 
crease to  the  entire  State  is  justified.^ 

The  expected  traffic  in  1931  was  obtained  by  apply- 
ing the  rates  of  motor-vehicle  registration  and  traffic 
increase  to  the  1926  traffic  at  each  survey  station. 
The  resulting  forecast  of  traffic  at  each  station  is  shown 
in  the  full  report. 

ROUTES  CLASSIFIED  ACCORDING  TO  PRESENT  AND  FUTURE  TRAFFIC 

To  provide  a  basis  for  the  establishment  of  a  balanced 
program  of  highway  improvement  to  meet  traffic  needs 
in  Vermont  a  traffic  classification  of  Vermont  high- 


'  The  validity  of  this  assumption  is  substantiated  by  an  analysis  of  registration 
increase  by  towns  in  New  Hampshire  for  the  years  1922  to  1925,  inclusive.  Not- 
withstanding variations  In  population  density,  population  trends  and  present  per- 
sons per  car,  the  rate  of  decrease  in  persons  per  car  in  the  different  areas  was  very 
uniform. 


ways  has  been  established  on  the  bas:s  of  the  principal 
traffic  data,  which  are  (1)  total  present  motor-vehicle 
traffic  and  estimated  traffic  in  1931  and  1936,  (2) 
total  truck  traffic,  and  (3)  traffic  of  large-capacity 
trucks.  The  highways  are  clr.ssiiied  in  three  gi'oups, 
designated  as  major,  medium,  and  minor  traffic  routes 
or  sections  of  routes,  according  to  their  average  daily 
present  and  estimated  future  traffic. 

These  classes  and  the  traffic  limits  of  each  class  are 
summarized  in  Table  13: 

Table   13. — Traffic  classification  of  Vermont  highways  and  traffic 
limits  for  each  class  for  1926  and  estimated  for  1931  and  1936 


Traffic  classification ' 

Average  daily  motor  vehicles 

1926 

1931 

1936 

1,500  or  over 

800  to  1,500 

800  to  1,500 

800  to  1,500 

Less  than  800 

Less  than  800 

Less  than  800 

1,500  or  over 

1,500  or  over 

800  to  1,500 

800  to  1,500 

800  to  1,500 

Less  than  800 

Less  than  800 

1,500  or  over. 

1,500  or  over. 

Mediuui  1               

1,500  or  over. 

800  to  1,500. 

Medium  3                       ..  . 

800  to  1,500. 

800  to  1,500. 

Less  than  800 

1  The  traffic  classifications  for  1931  and  1936  are  based  on  average  traffic  in  1926. 

The  above  traffic  limits  are  based  primarily  upon 
experience  and  present  practices  in  Vermont.  The 
upper  limit  of  the  minor  group  is  higher  than  that 
commonly  accepted  in  many  States,  but  is  in  accord- 
ance with  Vermont  traffic  conditions,  particularly 
the  very  limited  use  of  trucks  of  over  2}^  tons  capacity, 
and  the  resulting  absence  of  heavy  wheel  loads,  the 
fact  that  observed  traffic  represents  traffic  during  the 
period  of  greatest  traffic  density,  and  the  serviceable 
type  of  gravel  available  for  construction  of  gravel 
roads  in  Vermont.  The  more  important  routes 
included  in  the  minor  classification,  and  classified  as 
requiring  gravel  surfaces,  should  be  surface  treated. 

All  highways  upon  which  the  traffic  was  observed 
are  classified,  including  the  entire  Federal-aid  system, 
practically  all  of  the  other  numbered  State-aid  routes 
and    approximately    one-tenth    of    the    unnumbered 

(Continued  on  p.  229) 
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Fig.  5. — Number  of  Persons  per  Motor  Vehicle  in  Vermont  by  Years 


^^^r^?Sl^„?^J^^^^n?.OD'^M  SULPHATE  SOUNDNESS 
TEST  AND  ABSORPTION  OF  SEDIMENTARY  ROCK 

By  the  Division  of  Tests.  United  States  Bureau  of  Public  Roads,  Reported  by  D.  O.  WOOLF,  Jr..  Materials  Engineer 

FOR  a  number  of  years  past  an  accelerated  sodium 
sulphate  soundness  test  has  been  used  to  mdicate 

the  resistance  of   sedimentary  rock    to  repeated  ' 

frost  action.  This  test  was  apparently  first  proposed 
by  M.  Brard,  and  is  described  in  Annales  de  Chemie  et 
de  Physique  (1828).  It  has  recently  been  tentatively 
accepted  by  the  American  Association  of  State  High- 
way Officials  as  a  standard  test. 

The  test  consists  of  alternately  immersmg  the  test 
sample  of  rock  in  a  saturated  solution  of  sodium  sul- 
phate for  20  hours  and  drying  it  at  100°  C.  for  four  hours. 
This  operation  is  repeated  five  times  and  then  the  sam- 
ple is  examined  as  to  appearance  and  the  rock  classified 
as  sound  or  unsound.  Samples  which  crack,  check,  or 
disintegrate  are  considered  as  unsound  and  of  ques- 
tionable suitability  for  use  in  concrete  which  is  exposed 
to  frost  action. 

Several  attempts  have  been  made  to  correlate  the 
accelerated  sodium  sulphate  soundness  test  of  rock 
with  the  results  of  other  tests  which  are  usually  made 


/ 
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Fig.  1. — A  Limestone  Sample  Before  and  After  the 
Soundness  Test.  The  Rectangular  Appearance  Is 
Because  Sawed  Material  Was  Submitted  for  Testing 
AND  Is  Not  Characteristic  of  Samples  Prepared  for 
Testing 


Fig.     2. — A    Limestone    Sample     Before    and     After 
Testing 

to  determine  the  quality  of  the  material.  These  com- 
parisons have  usually  shown  negative  results,  i.  e., 
there  is  no  apparent  relationship  between  the  results  of 
the  soundness  test  and  any  of  the  standard  tests. 
Considering,  however,  that  failure  in  the  accelerated 
soundness  test  may  be  caused  through  crj^stal  growth 
in  the  interior  of  a  rock  specimen,  it  is  believed  that 
there  must  be  some  relation  between  the  soundness 
test  and  a  test  of  the  porosity  of  the  material.  This 
latter  property  is  usually  determined  by  an  absorption 
test,  the  test  result  expressing  the  amount  of  absorbed 
water  in  terms  of  percentage  of  the  dry  weight  of  the 
solid  rock. 

For  the  last  three  years  the  Bureau  of  Public  Roads 
has  been  making  the  accelerated  soundness  test  on  all 
rock  samples  of  sedimentary  origin  as  well  as  marble 
which  have  been  submitted  for  test  to  determine  their 
suitability  for  use  in  concrete,  and  the  tests  reported 
in  this  paper  include  the  great  majority  made  on  such 
rock.  One  hundred  and  fifty  of  these  rocks  have  also 
been  tested  for  absorption.  The  results  of  these  tests 
are  shown  in  Table  1,  and,  although  they  do  not 
establish  a  definite  relation  between  percentage  of 
absorption  and  unsoundness  as  determined  by  the 
sodium  sulphate  test,  they  do  indicate  that  rocks  having 
a  certain  percentage  of  absorption  will  in  the  greater 
number  of  cases  prove  to  be  unsound.     It  is  believed 
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Fig.  3. — Three  Samples  Which  Have  Completely  Dis- 
integrated IN  THE  Soundness  Test  and  One  Showing 
Parallel  Parting.  All  of  These  Samples  Had  More 
Than  4  Per  Cent  Absorption 

that  the  samples  shown  in  Table  1  include  all  types 
and  qualities  of  sedimentary  rock  which  are  used 
as  coarse  aggregate  in  concrete,  and  the  range  iu  test 
values,  as  will  be  noted,  is  quite  extensive,  the  absorp- 
tion ranging  to  above  6.5  per  cent.  Results  of  the 
standard  Deval  abrasion  test  are  not  shown  but  they 
varied  from  a  minimum  of  2.3  per  cent  to  a  maximum 
of  26.2  per  cent.  The  geographical  distribution  of  the 
samples  is  shown  in  Table  2. 

Figures  1  to  3  show  typical  examples  of  failure  in  the 
accelerated  soundness  test.  Figures  1  and  2  show 
samples  of  unsound  rock  before  and  after  the  test. 
Figure  3  shows  three  completely  disintegrated  samples 
and  one  in  which  parallel  parting  is  excellently  marked. 
These  samples  (fig.  3)  had  very  high  absorptions,  all  of 
them  being  greater  than  4  per  cent. 

Figure  4  shows  the  proportion  of  sound  and  unsound 
samples  grouped  according  to  percentages  of  absorp- 
tion. Each  group  covers  a  range  of  0.5  per  cent,  the 
first  group  including  all  values  up  to  0.5  per  cent,  the 
second  from  0.51  to  1,  etc.  Figure  5  shows  the  number 
of  samples  having  percentages  of  absorption  equal  to  or 
greater  than  0,  1,  2,  3,  etc.,  and  the  percentage  of  all 
such  groups  shown  to  be  unsound  by  the  soundness 
test. 

It  will  be  noticed  that  of  all  the  samples  tested,  43 
per  cent  were  imsound.  Of  all  samples  tested  which 
had  an  absorption  of  2  per  cent  or  more,  82  per  cent 
were  unsound.  All  samples  with  an  absorption  of  4 
per  cent  or  more  were  unsound.  On  the  basis  of  the 
group  of  samples  reported  in  this  paper,  the  probabili- 
ties, therefore,  are  that  two  out  of  every  five  samples 
of  sedimentary  rock  are  unsound  as  determined  by  the 
sodium  sulphate  test. 

iUthough  the  accelerated  sodium  sulphate  sound- 
ness test  is  used  to  indicate  the  possibility  of  failure 
through  frost  action,  it  does  not  follow  that  failure 
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PER    CENT  ABSORPTION 

-Proportion  of  Sound  and  Unsound  Samples  Grouped 
According  to  Percentage  of  Absorption 


NO  OF 
SAMPLES 
IN  GROUP 


MIN  ABSORPTION  OF 

SAMPLES  IN 
GROUP-PERCENr 


PER  CENT  Of  UNSOUND  SAMPLES  IN  THE  GROUPS 
)           10           20          30          40          50          60          70          80         90          10 

1             1             1             1 

1 

1 

1 

1 

1 

1 

1           1 

1 

1             1             1             1             1             1 

1             1 

Fig.  5. — Proportion  of  Unsoundness  in  Groups  of  Samples 
Having  Various  Minimum  Percentages  of  Absorption 

from  freezing  and  thawing  is  always  associated  with 
unsoundness  as  indicated  by  the  test.  Many  rocks 
which  are  seriously  affected  by  the  accelerated  sound- 
ness test  have  been  successfully  used  in  concrete  pave- 
ments and  structures  exposed  to  frost  action  for  years. 
The  durability  of  concrete  ill  which  unsound  rock 
was  used  may  result  from  the  quality  of  the  concrete 
and  in  spite  of  the  quality  of  the  aggregates.  A 
thoroughly  water-tight  concrete  would  certainly  delay 
and  possibly  entirely  prevent  disintegration  by  frost 
action  of  an  unsound  rock  used  as  the  coarse  aggregate. 
It  is  apparent  that  for  durable  concrete  not  only  the 
soundness  of  the  ingredient  materials  should  be  con- 
sidered, but  also  the  character  of  the  concrete  itself. 
A  discussion  of  the  soundness  of  concrete  is  not  within 
the  scope  of  this  paper;  but  as  the  character  of  concrete 
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is  variable  and  subject  to  many  conditions  which  may 
affect  the  quality,  every  effort  should  be  made  to  con- 
trol these  factors.  For  this  reason,  the  use  of  aggre- 
gates of  unquestioned  durability  or  soundness  is  im- 
portant. In  this  connection,  the  accelerated  sodium 
sulphate  soundness  test  is  of  value  in  indicating 
questionable  aggregates.  Samples  which  show  un- 
favorable results  with  this  test  should  be  further 
investigated  by  inspection  of  exposed  ledges  or  faces 
of  the  stone  at  the  quarry,  or  of  concrete  made  of  the 
rock,  if  it  has  been  previously  used,  before  a  final 
decision  is  made. 

The  high  percentage  of  possible  failure  indicated 
above  shows  that  great  care  should  be  exercised  in  the 
selection  of  sedimentary  rock  for  use  in  concrete. 

These  results  seem  to  indicate  that,  when  time  is 
Hmited,  some  idea  of  the  relative  behavior  in  the  sodium 
sulphate  soundness  test  of  several  otherwise  compar- 
able materials  may  be  obtained  from  the  absorption 
test,  the  highest  values  indicating  the  greatest  proba- 
bihties  of  failure  in  the  other  test. 

Table  1. — Results  of  soundness  test  and  absorption  lest  grouped 
by  kinds  of  rock  and  arranged  in  order  of  the  percentage  of 
absorption 


Sam- 
ple 
No. 

Location 

Name 

Soundness  test 

Absorp- 
tion per 
cent 

1 

New  York..' 

Maryland 

New  York 

South  Dakota 

Tennessee 

Maryland 

Texas 

do 

West  Virginia 

Pennsylvania 

New  York 

do 

Oklalioma 

New  York 

do 

Tennessee. -- 

Ohio 

Florida 

Texas 

-,..do ._._ 

Ohio 

Florida.. 

Texas 

Indiana 

Texas 

Florida 

Texas 

do - 

Ohio 

Alabama... 

Ohio 

do 

do .- 

Florida 

Texas 

West  Virginia 

Texas 

do 

Ohio 

Minnesota 

Texas 

do 

Oklahoma 

Texas 

Oklahoma... 

Kansas 

do i 

do 

do 

Texas 

Kansas 

do 1 

Maryland... 

do 

Kansas 

Pennsylvania 

Texas , 

Limestone .   

Sound 

0  02 

2 
3 
4 

do 

do 

do 

do 

do 

do 

.03 
.04 
.05 

5 

do 

Unsound 

Sound 

do 

07 

n 

do.. 

.09 

7 

do 

.11 

8 

do... 

do 

.  14 

9 

do 

..  ..do 

.  14 

10 

do 

do... 

.  15 

11 
12 

do 

do ..         .    . 

do 

do. 

.16 
.  17 

13 

do 

Unsound 

Sound 

do... 

Unsound 

Sound 

do... 

do... 

do 

Unsound 

do 

.  17 

14 

do... 

.18 

15 
16 

do... 

....do. 

.30 
.33 

17 

do... 

.34 

18 
19 
20 

21 

do-. 

do 

do 

do 

.52 
.76 
.77 
.87 

22 

....do 

.94 

23 

do 

do 

.98 

24 

do 

do 

1.05 

25 

.  ..do 

.  .-  do 

1.10 

26 

do 

do 

1.11 

?.7 

do 

Sound 

do 

1.44 

28 

...do 

1.45 

29 

do 

Unsound 

Sound 

1.68 

30 

..do 

1.70 

31 

...do 

2.01 

32 

do 

Rnnnd 

2.54 

33 

do 

TTnKonnH 

2.65 

34 
35 

do 

do 

do 

do 

3.03 

4.12 

36 

.\rgilIaceous  limestone... 
..do.             

Round 

.11 

37 

Unsound 

.40 

38 

do 

.  ..do. 

.52 

39 

do 

Round 

.59 

40 

..do          

Unsniind 

1.35 

41 

do 

do 

1.47 

42 

do                

do.. 

2.64 

43 

.  ..do     

do 

2.98 

44 
45 

do 

do     

do 

do 

3.36 
3.64 

46 

..do 

do 

4.06 

47 

do                

do 

4.21 

48 

do          

do 

4.85 

49 

do 

do       

5.20 

50 
51 
52 
53 
54 

do .- 

do 

do 

Siliceous  limestone 

.do 

do 

do 

Sound 

do 

5.32 
5.61 
6.45 
.02 
.09 

55 
56 
57 

58 

do 

do 

do... 

do 

do 

do 

do 

do 

.12 
.15 
.24 
.37 

Table  1.— -Results  of  soundness  test  and  absorption  test  grouped 
by  Icinds  of  rock  and  arranged  in  order  of  the  percentage  of 
absorption — Continued 


Sam- 
ple 
No. 

Location 

.Name                     Soundness  test 

•Absorp- 
tion per 
cent 

59 

Louisiana 

Siliceous  limestone 

do 

Unsound 

1.06 
1.71 
2.71 
2.72 
2.91 

60 

Illinois 

Hn 

61 
62 
63 

Kansas 

Illinois 

do 

do .  ."illdoIIII       

do do"." 

do...                                    Hn 

64 

Ohio 

Dolomitic  limestone 

do 

do 

Crystalli  ne  limestone. . . . 
do  . 

Sound 

do 

Unsound 

65 
66 
67 

do 

Rhode  Island.... 
Missouri 

1.40 

2.86 

4.58 

.42 

.46 

.99 

08 

68 

Ohio 

69 

Texas 

do.. 

70 

New  York  . 

Cherty  limestone 

do 

--.  .do 

do 

71 
72 

do 

Illinois..... 

do ::;;: 

Unsound 

Sound 

Unsound 

Sound 

do 

.08 
L90 
.11 
.29 
.20 
.23 
.02 
.04 
.05 
.06 
.14 
.21 
.39 
.39 
41 

73 

Maryland... 

Marble..  . 
.  ..do 

74 

Louisiana 

75 

New  York 

Dolomitic  marble 

..  ..do 

76 

Texas 

77 
78 

West  Virginia 

New  York... 

Dolomite 

do 

do 

do 

do 

do 

79 
80 

do 

Virginia 

do 

do  . 

81 

Pennsylvania..  . 

do 

do 

do 

do 

82 
83 

New  York 

Michigan 

do 

do 

84 

Ohio 

do  . 

'do 

85 

do 

do 

do 

do 

do 

do 

do 

86 

do 

do 

49 

87 

do 

do 

58 

88 

do 

do 

64 

89 

do 

do 

.69 
.72 

.77 
.83 
.86 
1  03 

90 

do.. . 

..      do 

Unsound 

Sound 

do 

91 

do.. 

do. 

92 

South  Dakota... 

do 

93 

Ohio 

do 

do 

94 

do 

do.. 

do 

95 
96 
97 

do .. 

do .. 

do 

do ... 

do 

do 

do 

Wyoming 

do 

do. 

do 

do 

do 

Unsound.. 

Sound 

do 

do..... 

do 

do 

1.08 
1.08 
1  14 

98 

do 

1   19 

99 
100 
101 
102 

do. 

do 

do... 

do. 

1.27 
1.27 
1.28 
1  32 

103 

Illinois 

do 

Unsound 

Sound 

do 

1  35 

104 

Ohio 

do 

1.36 
1  36 

105 

do 

do 

106 

do .  . 

.do 

Unsound 

do 

1.40 
1  47 

107 

do.... 

do 

108 

do 

do 

Sound 

1  52 

109 

do 

do.. 

1  59 

110 

Indiana 

do.^ 

Unsound .'... 

Sound 

do 

1.66 
1.76 
1  77 

111 

Ohio 

.do 

112 

do 

do. 

113 

do 

..do 

do 

1  87 

114 

Indiana 

do 

Unsound .".".'." 

Soimd 

do 

2  13 

115 

Ohio 

.  ..do 

2  41 

116 

do 

do 

2  46 

117 

Michigan 

do 

Unsound 

Sound 

Unsound 

Sound 

..do 

2  84 

118 

Ohio 

do 

2  88 

119 

do 

..  do 

3  37 

120 

do 

do 

3  44 

121 

do 

do 

3.71 

122 

do.... 

do 

Unsound 

do i 

do 

do .1 

do , 

do 

do 

do..... 

6.95 

123 

do     . 

Argillaceous  dolomite... 

do 

.  do 

84 

124 
125 

do 

.  ..do 

1.25 
1  26 

126 
127 

Indiana 

.do - 

do 

...do 

1.55 
1  81 

128 
129 
130 

Arkansas 

Indiana 

do 

do 

do... 

do 

2.15 

.    2.28 

2.73 

131 

.      do 

.do 

2  80 

132 

Siliceous  dolomite ' 

.09 

133 
134 

Micliigan 

do Unsoimd 

Sandstone    .. Smind 

2.24 
.69 

135 

do 

.do 

Ui^sound... 

Sound 1 

Unsound 

Rnimd. 

1.13 

136 

do 

do..    

1.63 

137 

138 

New  York 

Kentucky 

do 

do 

1.70 
1.81 

139 

Arkansas 

.do          

do 

do 

Unsound 

Sound 

do 

do 

do 1 

Tlnsnnnri 

1.93 

140 

Kentucky. 

do 1 

2.00 

141 

Minnesota 

do.... 

4.34 

142 

Arkansas      

Feldspathic  sandstone... 
..  do        

.79 

143 

New  York 

1.00 

144 

Arkansas      

do 

1.10 

145 

do 

do 

1.43 

146 

Kentucky 

do 

2.21 

147 

do 

.  do          

do                                    2. 65 

148 

do 

do 

do 2.86 

149 

Mexico    

Calcareous  sandstone 

....do 

Sound 1            .18 

150 

New  Mexico 

Unsound i          1.15 

i 

(Continued  on  page  229) 


INSTRUMENT  DEVELOPED  FOR  MEASURING  LENGTH 

OF  CRACKS  IN  CONCRETE 

Reported  by  H.  L.  BOSLEY,  Assistant  Materials  Engineer,  United  States  Bureau  of  Public  Roads 


AN  INSTRUMENT  _  for  use  in  measuring  the 
length  of  cracks  in  concrete  pavements  and 
with  which  measurements  can  be  made  rapidly 
and  with  a  satisfactory  degree  of  accuracy  has  recently 
been  designed  by  the  Division  of  Tests  of  the  Bureau  of 
Public  Roads.  The  instrument  was  made  for  use  on 
concrete  surfaces  in  making  condition  surveys  in  con- 
nection with  subgrade  studies  and  to  determine  the 
effect  of  various  features  of  design. 

It  is  thought  that  a  description  of  the  instrument  may 
be  of  interest  to  State  highway  organizations  and  other 
agencies  who  are  making  condition  surveys.     Such  a 


^^ 


i 
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Fig.  1. — Two  Views  of  Apparatus  Used  in  Making 
Surveys 
228 


study  of  concrete  pavements  usually  begins  with  a 
determination  of  the  amount  of  cracking  which  has 
occurred,  and  if  careftdly  done  with  a  tape  involves 
considerable  painstaking  labor. 

The  apparatus,  which  embodies  the  same  principle 
as  the  chartometer  used  for  measuring  distances  on 
maps,  consists  of  a  wheel  which  is  rolled  along  the 
surface  to  be  measured  by  means  of  an  operating  handle. 
The  circumference  of  the  wheel  being  known,  it  is  so 
geared  to  a  revolution  counter  that  for  each  linear  foot 
of  travel  one  unit  is  recorded  on  the  counter.  Thus, 
the  reading  on  the  counter  at  any  time  shows  the  total 
distance  over  which  the  wheel  has  been  I'olled. 

Before  giving  a  detailed  description  of  the  device,  a 
general  view  of  which  is  shown  in  Figure  1,  it  may  be 
well  to  discuss  its  usefulness.  One  man  with  the  instru- 
ment can  replace  two  men  with  a  tape  and  obtain  the 
same  data  more  easily  and  it  is  believed  more  accurately. 
A  second  advantage  is  that  the  actual  length  of  mean- 
dering cracks  can  be  accurately  measured,  something 
wliich  can  not  readily  be  done  with  a  tape.  Calibration 
tests  with  one  of  these  devices  indicated  that  lengths 


Fig.  2. — Drawing  Showing  Details  of  Apparatus 
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measured  at  the  speed  of  a  man  walking  were  accurate 
to  within  0.25  per  cent  or  1  foot  in  400.  A  check  on 
the  individual  measurements  is  available  at  all  times 
in  the  total  on  the  counter  which  will  record  nearly  20 
miles  before  clearing. 

The  details  of  construction  are  shown  in  Figure  2. 
A  steel  wheel,  A,  whose  circumference  is  exactly  2  feet, 
rolls  freely  in  bearings  supported  by  the  forked  frame, 
B,  attached  to  the  tubular  handle,  C.  A  pair  of  spur 
gears,  D,  rotate  the  spindle  of  the  revolution  counter, 
E,  twice  for  each  revolution  of  the  measuring  wheel, 
A.  Thus  for  each  distance  of  1  foot  traversed  one  unit 
is  registered  on  the  counter.  The  counter,  E,  is  sup- 
ported and  protected  by  a  guard  bracket,  F.  In 
transporting  the  apparatus  from  one  place  to  another 
it  is  desirable  to  prevent  rotation  of  the  counter  spindle. 
For  this  purpose  a  rubber  brake  shoe,  G,  is  provided  and 
this  is  pressed  against  the  measuring  wheel,  A,  by  the 
rod,  H,  which  terminates  in  a  knob  at  the  end  of  the 
operating  handle.  The  operator  simply  presses  down 
on  this  knob  and  locks  the  wheel,  the  brake  being  held 
in  contact  by  the  latch,  J.  To  release  the  brake  a 
slight  pressure  on  the  end  of  the  latch,  J,  frees  the  rod, 
H,  and  permits  the  wheel,  A,  to  again  roll  freely. 

The  operation  in  the  field  is  so  simple  and  obvious 
that  it  needs  no  description. 


(Continued  from  page  224) 

State-aid  routes.  The  highways  classified  include, 
therefore,  all  routes  which  carry  any  considerable 
volume  of  present  and  expected  future  traffic.  The 
traffic  classification  for  each  section  is  shown  in  the  full 
report. 

The  mileage  so  classified  in  each  of  the  classification 
groups  is  shown  in  Table  14. 

Table  14. — Traffic  classification  of  Vermont  highways  ' 


Major  1 

Major  2 

Total  major 

Medium  1 

Medium  2 

Medium  3 

Total  medium.. 

Minor  1 

Minor  2 

Total  minor 

Total  all  routes 


49.1 
129.5 

2.2 
5.9 

178.6 

8.1 

88.9 
84.1 
342.7 

4.1 
3.8 
15.6 

615.7 

23.5 

215.1 
1,284.4 

9.8 
58.6 

1,499.5 

68.4 

2, 193. 8 


100.0 


I  Highways  classified  include  all  routes  carrying  any  appreciable  density  of  traflBc 
in  1926. 

IMPROVEMENT  PLAN  PRESENTED 

The  full  report  presents  a  proposed  plan  of  improve- 
ment, based  upon  the  analysis  of  the  Vermont  Federal- 
aid  highway  system,*  considering  present  improvements 
and  traffic,  shows  that  275.5  miles  of  new  construction 
superior  to  gravel  surfaces  will  be  necessary  to  meet 
trafiic  requirements  during  the  five-year  period  from 
January  1,  1927,  to  December  31,  1931. 

«  The  Vermont  plan  of  highway  improvement  is  limited  to  the  Federal-aid  system 
since  less  than  20  miles  not  included  in  the  Federal-aid  system  carried  sufflcient 
traffic  to  justify  their  inclusion  in  the  five-year  plan  of  improvement. 


The  cost  of  improving  these  highways  with  surfaces 
adequate  to  serve  present  and  expected  future  traffic 
as  estimated  by  the  Vermont  State  Highway  Depart- 
ment will  be  approximately  $12,000,000.  This  esti- 
mate includes  the  cost  of  bridges  and  structures,  grad- 
ing, and  surface  costs. 

By  1931,  because  of  the  normal  increase  in  traffic, 
278.5  additional  miles  of  Federal-aid  highways  are 
expected  to  carry  800  or  more  vehicles  and  will  require 
surfaces  superior  to  gravel.  To  serve  the  traffic  on 
these  routes  adequately,  construction  of  surfaces 
superior  to  gravel  on  this  mileage  will  be  requhed  be- 
tween 1932  and  1936.  Since  the  major  part  of  this 
mileage  will  be  on  medium  traffic  routes,  the  total  cost 
of  improving  the  278.5  miles  included  in  this  group 
should  be  considerably  less  than  the  required  expendi- 
tures during  the  period  1927  to  1931.  This  decrease, 
however,  will  be  partially  offset  by  the  need  for  im- 
provement of  a  comparatively  small  mileage  of  routes, 
approximately  80  miles,  not  included  in  the  Federal- 
aid  system,  with  surfaces  superior  to  gravel  between 
1926  and  1936. 

It  is  beheved  that  a  construction  program  more 
limited  in  scope  than  the  proposed  five-year  program 
will  result  in  increased  total  highway  expenditures, 
because  of  the  higher  maintenance  costs  which  may  be 
expected  to  result  from  postponement  of  adequate 
improvement;  and  that  it  will  also  result  in  inadequate 
highway  service  and  increased  motor-vehicle  operating 
costs. 

For  the  most  economical  accomplishment  of  the 
proposed  improvement  plan  it  is  recommended  that 
substantially  the  present  Federal-aid  highway  system 
be  established  as  a  primary  or  State  highway  system 
imder  the  jurisdiction  of  the  State  highway  department 
as  to  construction,  maintenance,  and  control. 

It  is  also  recommended  that  a  secondary  liighway 
system  be  estabhshed.  ^This  system  should  include  the 
more  important  traffic  routes  not  included  in  the  pri- 
mary system. 

The  estabhshment  of  these  systems  and  their  im- 
provement in  accordance  with  the  foregoing  plan  will 
insure  a  systematic  and  scientific  development  of 
Vermont  State  highways. 


Table  2. 


(Continued  from  page  227) 
-Geographical  distribution  of  test  samples 


state  or  country 


Alabama 

Arkansas 

Florida 

Illinois 

Indiana 

Kansas 

Kentucky 

Louisiana 

Maryland 

Michigan 

Minnesota 

Missouri 

New  Mexico... 

New  York 

Ohio 

Oklahoma 

Pennsylvania.. 
Rhode  Island.. 
South  Dakota. 

Tennessee 

Texas 

Virginia 

West  Virginia.. 

Wyoming 

Mexico 


Lime- 
stone 


Dolo- 
mite 


Sand- 
^one 


Marble 


Total 


I 
8 
4 
5 
8 
8 
5 
2 
6 
3 
2 
1 
1 
14 
46 
3 
3 
1 
2 
2 
18 
2 
3 
1 
1 


YADKIN  RIVER  BRIDGE  TEST  COMPLETED 


Tests  of  the  reinforced  concrete  arch  bridge  over  the 
Yadkin  River  between  Albemarle  and  Mount  Gilead, 
N.  C — involving  the  structure  as  it  stood  in  service  and 
with  the  continuity  of  the  superstructure  destroyed — 
were  completed  early  in  December. 

The  purpose  of  the  stress  measurements  was  to  deter- 
mine the  manner  in  which  a  full-sized  concrete  arch, 
built  under  normal  conditions,  deforms  under  deter- 
minate loads,  and  to  compare  these  deformations  and 
the  stresses  produced  in  the  arch  rib  with  the  deforma- 
tions and  stresses  as  computed  by  the  generally  ac- 
cepted elastic  theory  of  arches  and  those  derived  from 
the  tests  of  models  by  means  of  Beggs  deformeter  gauges. 

Loads  have  been  imposed  by  means  of  tanks  of  water 
placed  on  the  span.     These  tanks  are  made  of  wood, 


Yadkin  River  Bridge  to  be  Tested  to  Destruction 

12  by  20  by  18  feet  inside  dimensions,  and  weigh,  when 
full,  160  tons  each. 

Data  has  been  secured  with  the  following  conditions 
of  loading : 

1.  A  complete  series "°of  loads  on  the  bridge  as  it 
stood  originally;  using  one  loading  tank. 

2.  A  complete  series  of  loads  on  the  bridge  with  the 
continuity  of  the  superstructure  destroyed,  so  as  to 
approach  as  near  as  possible  to  the  conditions'generally 
assumed  in  designing  arches ;  using  one  loading  tank. 

3.  With  the  continuity  of  the  bridge  destroyed,  load- 
ing it  in  the  most  critical  positions,  with  two  tanks. 

The  tanks  were  weighed  by  means  of  the  deformation 
of  supporting  copper  cylinders  set  in  steel  cylinders 
and  receiving  the  load  from  closely  fitting  pistons. 
Specially  annealed  copper  cylinders  (one-half  inch  by 
one-half  inch)  accurately  shaped  were  placed  in  the 
cells  so  that  they  carry  the  entire  weight  of  the  tank 
placed  on  the  pistons.  The  weight,  a  function  of  the 
deformation  of  the  copper  cylinders,  was  taken  from 
calibration  curves  previously  determined  in  the  labo- 
ratory. By  this  means  the  empty-tank  weight  of 
47,000  pounds  was  checked  within  300  pounds  of  the 
computed  weight  and  other  check  measurements. 

The  following  measurements  were  made  with  various 
positions  of  load  and  three  increments  of  water  for 
each  position: 
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1.  The  deformation  of  the  concrete  and  steel  at  24 
points  on  the  arch  rib.  From  these  measurements  the 
stress  is  determined  by  the  use  of  the  modulus  of 
elasticity  derived  from  tests  of  specimens  taken  from 
the  bridge. 

The  deformation  was  measured  by  electric  telemeters 
which  are  designed  on  the  principle  that  the  electrical 
resistance  of  a  carbon  pile  varies  with  the  pressure  on 
the  pile.  The  instrument  was  attached  to  steel  plugs 
grouted  in  the  concrete  arch  rib  so  that  the  deformation 
movements  are  transmitted  as  pressures  upon  the  car- 
bon piles.  The  telemeters  are  read  to  one  ten-thou- 
sandth of  an  inch  and  estimated  to  one  hundred- 
thousandth  of  an  inch. 

2.  The  angular  rotation  of  the  arch  ring  at  nine 
points. 

This  measurement  was  made  by  means  of  a  clinom- 
eter, consisting  of  a  steel  bar  carrying  a  level  bubble 
and  leveling  screw  attached  to  a  dial  reading  to  one- 
thousandth  of  an  inch.  The  instrument  was  placed 
and  leveled  on  gauge  points  located  20  inches  apart  on 
steel  plugs  in  the  arch  rib.  The  relative  displacement 
of  the  gauge  points  was  measured,  and  from  these  meas- 
urements the  angular  rotation  under  any  increment  of 
load  is  derived  directly. 

3.  The  change  in  length  of  middle  ordinates  of  5-foot 
arcs  of  the  axis  at  5-foot  intervals  over  the  entire 
length  of  the  arch  rib. 

The  middle-ordinate  changes  were  measured  by  means 
of  a  radius  meter.  This  instrument  consists  of  a  steel 
bar  5  feet  long,  carrying  at  its  center  a  Federal  dial 
reading  to  one  ten-thousandth  of  an  inch.  Gauge 
points  at  the  ends  of  the  radius  meter  are  placed  on 
corresponding  points  on  steel  plugs  in  the  arch  and 
the  stem  of  the  dial  was  allowed  to  rest  on  the  surface 
of  a  square  steel  plug  halfway  between  the  gauge 
points.  The  movements  of  the  square  plug  are  trans- 
ferred to  the  needle  and  read  on  the  dial. 

4.  Deflections  at  each  spandrel  point  of  the  arch. 
The  deflections  were  measured  from  a  wire  suspended 

over  a  pulley  with  a  counterweight  at  one  end  to  main- 
tain a  constant  tension  and  sag.  Points  were  located 
in  the  concrete  at  the  top  of  each  spandrel  column 
and  the  deflections  measured  from  these  points  to  the 
wire. 

5.  Rotation  of  the  piers  at  the  end  of  the  span  under 
observation. 

The  pier  rotations  were  measured  by  clinometers  in 
the  same  manner  as  the  axial  rotations,  the  gauge 
points  being  placed  on  the  top  of  each  pier.  These 
rotation  measurements  were  checked  by  means  of  two 
wires  placed  5  feet  apart  vertically  and  suspended 
independently  of  the  span  under  observation.  Move- 
ments were  shown  by  the  relative  longitudinal  displace- 
ments of  fixed  points  on  the  wires  and  on  the  ends  of 
the  piers.  Although  the  field  work  is  now  complete  it 
will  be  several  months  before  the  data  can  be  com- 
pletely analyzed  and  conclusions  reached. 
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ROAD  PUBLICATIONS  OF  BUREAU  OF  PUBLIC  ROADS 


Applicants  are  urgently  requested  to  ask  only  for  those  publications  in 
which  they  are  particularly  interested.  The  Department  can  not  under- 
take to  supply  complete  sets  nor  to  send  free  more  than  one  copy  of  any 
publication  to  any  one  person.  The  editions  of  some  of  the  publications 
are  necessarily  limited,  and  ivhen  the  Department's  free  supply  is 
exhausted  and  no  funds  are  available  for  procuring  additional  copies, 
applicants  are  referred  to  the  Superintendent  of  Documents,  Govern- 
ment Printing  Office,  this  city,  who  has  them  for  sale  at  a  nominal  price, 
under  the  law  of  January  12.  1895.  Those  publications  in  this  list,  the 
Department  supply  of  which  is  exhausted,  can  only  be  secured  by  pur- 
chase from  the  Superintendent  of  Documents,  who  is  not  authorized 
to  furnish  publications  free. 

ANNUAL  REPORTS 

Report  of  the  Chief  of  the  Bureavi  of  Pubhc  Roads,  1924. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1925. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1927. 

DEPARTMENT  BULLETINS 

No.  105D.   Progress  Rejjort  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1913. 
*136D.   Highway  Bonds.     20c. 
220D.   Road  Models. 

257D.   Progress  Report  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1914. 
*314D.    Methods  for  the  Examination  of  Bituminous  Road 

Materials.      10c. 
*347D.    Methods    for   the    Determination    of    the    Physical 

Properties  of  Road-Building  Rock.      10c. 
*370D.   The    Results   of   Physical    Tests   of    Road-Building 
Rock.      1.5c. 
386D.   Public  Road  Mileage  and  Revenues  in  the  Middle 

Atlantic  States,  1914. 
387D.   Public  Road  Mileage  and  Revenues  in  the  Southern 

States,  1914. 
388D.   Public    Road    Mileage   and    Revenues   in   the    New 

England  States,  1914. 
390D.   Public  Road  Mileage  and  Revenues  in  the  United 

State.s,  1914.     A  Summary. 
407D.   Progress  Reports  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1915. 
*463D.   Earth,  sand-clay  and  gravel.      15c. 
*532D.   The   Expansion  and   Contraction  of  Concrete  and 

Concrete  Roads.      10c. 
*537D.   The    Results   of   Physical   Tests   of    Road-Building 
Rock  in   1916,  Including  all  Compression  Tests. 
5c. 
*583D.   Reports    on    Experimental    Convict    Road    Camp, 

Fulton  County,  Ga.     25c. 
*660D.   Highway  Cost  Keeping.      10c. 
*670D.   The    Results   of    Physical    Tests   of    Road-Builduig 

Rock  in  1916  and  1917.     5c. 
*691D.   Typical  Specifications  for  Bituminous  Road  Mate- 
rials.     10c. 
*724D.    Drainage    Methods   and    Foundations    for    County 
Roads.     20c. 
*1077D.   Portland  Cement  Concrete  Roads.      15c. 


DEPARTMENT  BULLETINS-Continued 

No.  *1132D.  The  Results  of  Physical  Te.sts  of  Road-Building 
Rock  from  1916  to  1921,  Inclusive.     10c. 

1259D.  Standard  Specifications  for  Steel  Highway  Bridges, 
adopted  tiy  the  American  Association  of  State 
Highway  Officials  and  approved  by  the  Secretary 
of  Agriculture  for  use  in  connection  with  Federal- 
aid  road  work. 

1279D.  Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922. 

1486 D.  Highway  Bridge  Location. 

DEPARTMENT  CIRCULARS 

No.       94C.   T.  N.  T.  as  a  Blasting  Explosive. 

331C.   Standard  Specifications  for  Corrugated  Metal  Pipe 
Culverts. 

MISCELLANEOUS  CIRCULARS 

No.  62M.  Standards  Governing  Plans,  Specifications,  Con- 
tract Forms,  and  Estimates  for  Federal  Aid 
Highway  Projects. 
93M.  Direct  Production  Costs  of  Broken  Stone. 
105M.  Federal  Legislation  Providing  for  Federal  Aid  in 
Highway  Construction  and  the  Construction  of 
National  Forest  Roads  and  Trails. 

FARMERS'  BULLETINS 

No.   *.338F.   Macadam  Roads.     5c. 

*505F.   Benefits  of  Improved  Road.s.     5c. 

SEPARATE  REPRI-NTS  FROM  THE  YEARBOOK 

No.  *739Y.   Federal  Aid  to  Highways,  1917.     5c. 
*849Y.   Roads.     5c. 
914Y'.  Highways  and  Highway  Transportation. 

REPRINTS  FROM  THE  JOURNAL  OF  AGRICULTURAL  RESEARCH 

Vol.  5,  No.  17,  D-  2.  Effect  of  Controhable  Varial:)lcs  upon 
the  Penetration  Test  for  Asphalts  and 
Asphalt  Cements. 

Vol.  5,  No.  19,  D-  3.  Relation  Between  Properties  of  Hard- 
ness and  Toughness  of  Road-Build- 
ing Rock. 

Vol.  5,  No.  24,  D-  6.  A  New  Penetration  Needle  for  Use  in 
Testing  Bituminous  Materials. 

Vol.  6,  No.  6,  D-  8.  Tests  of  Three  Large-Sized  Reinforced- 
Concrete  Slabs  Under  Concentrated 
Loading. 

Vol.  11,  No.  10,  D-15.  Tests  of  a  Large-Sized  Reinforced-Con- 
crete  Slab  Subjected  to  Eccentric 
Concentrated  Loads. 


♦Department  supply  exhausted. 
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A  STATISTICAL  ANALYSIS  OF  HIGHWAY-RAILROAD 
GRADE-CROSSING  ACCIDENTS  IN  1926 

Reported  by  A.  B.  FLETCHER.  ConsuUing  Highway  Eng.neer.  and  WILLIAM  G.  ELIOT,  3d.  Assoc.a.e  Highway  Econon^ist,  United  States  Bureau  of  Public  Roads 


THE  PROBLEM  of  the  highway-railroad  grade 
crossing,  serious  enough  when  the  highways 
carried  nothing  faster  than  horse-drawn  vehicles, 
and  not  very  many  of  them,  has  become  much  more 
urgent  since  the  advent  of  high-speed  automotive 
traffic.  Figures  published  by  the  Bureau  of  Statistics 
of  the  Interstate  Commerce  Commission  show  a  rapid 
increase  in  grade-crossing  fatalities  in  the  United  States, 
especially  during  the  past  10  years.  From  a  total  of 
1,652  deaths  at  steam  railroad  grade  crossings  in  1916 
the  annual  toll  increased  to  2,491  in  1926.'  While  this 
increase  is  by  no  means  in  proportion  to  the  increased 
use  of  the  highways,  grade  crossings,  nevertheless, 
remain  one  of  the  most  important  hazards  to  traffic. 

CONCLUSIONS  SUMMARIZED 

In  the  belief  that  the  most  intelligent  program  for 
grade-crossing  safety  depends  upon  a  thorough  knowl- 
edge of  the  existing  conditions,  the  United  States 
Bureau  of  Public  Roads  has  recently  completed  a 
careful  analysis  of  nearly  6,000  grade-crossing  accidents 
as  reported  to  the  Interstate  Commerce  Commission 
by  the  steam  railroads  of  the  country  during  1926. 
These  reports  are  public  records  and  are^open  to  exami- 
nation without  special  arrangement  with  the  commis- 
sion, though  it  is  only  fitting  to  state  that  the  officials 
of  its  Bureau  of  Statistics  evinced  great  interest  in 
the  work  and  gave  special  facilities  for  the  study. 

Some  of  the  more  definite  conclusions  to  which  this 
study  points  may  be  summarized  as  follows: 

There  is  a  real  need  for  a  series  of  intensive  studies  of 
individual  grade-crossing  accidents,  as  well  as  for  more 
complete  and  accurate  reporting  of  grade-crossing 
accident  data  in  general. 

The  hazard  at  grade  crossings  in  rural  areas  is  far 
more  important  than  has  heretofore  been  reported  or 
understood.  At  least  16  per  cent  of  all  fatalities  due 
to  accidents  on  the  rural  highways  of  the  country 
are  attributable  to  the  crossings  of  the  railroads 
and  highways  at  grade. 

A  serious  eft'ort  should  be  made  to  hasten  the  change 
of  thousands  of  crossings  from  the  "unprotected"  to 
the  "protected"  class  by  the  installation  of  suitable 
warning  devices  and  continued  attention  given  to  the 
improvement  of  existing  protection. 

Despite  all  external  safeguards,  it  will  be  necessary 
by  persistent  and  forceful  publicity  to  keep  in  the  minds 
of  all  highway  users  a  realization  of  the  hazards  to 
which  they  are  exposed  as  long  as  any  considerable 
proportion  of  the  235,000  steam  railroad  grade  cross- 
ings in  the  United  States  continue  to  exist. 

THE  SOURCE  OF  DATA 

Under  the  act  of  Congress  of  May  6,  1910,  each  rail- 
road is  required  to  report  monthly  to  the  Interstate 
Commerce  Commission  all  accidents  "arising  from  the 
operation  of  such  railroad  under  such  rules  and  regu- 
lations as  may  be  prescribed  by  the  said  commission." 

'  See  Accident  Bulletin  No.  94,  Interstate  Commerce  Commission,  p.  113. 
80192—28 1 


Under  the  rules  of  the  commission  effective  January  1. 
1922, —  -^     ' 

a  reportable  accident  is  an  accident  arising  from  the  operation 
ot  a  railway  that  results  in  one  or  more  of  the  following  circum- 
stances : 

0.1  In^  .^^™^Se  to  railway  property  amounting  to   more   than 
!hl50,  including  the  expense  of  clearing  wreck     *     *     *. 
(6)   Death  of  a  person. 

(c)  Injury  to  an  employee  sufficient  to  incapacitate  him  from 
performing  his  ordinary  duties  for  more  than  three  days  in  the 
aggregate  during  the  10  days  immediately  following  the  accident. 
This  rule  *  *  *  does  not  apply  to  employees  classed  as 
passengers  or  trespassers. 

(d)  Injury  to  a  person  other  than  an  employee  if  the  injury  is 
sufficient,  in  the  opinion  of  the  reporting  officer,  to  incapacitate 
the  injured  person  from  following  his  customary  vocation  or 
mode  of  life  for  a  period  of  more  than  one  day     *     *     *. 


The  Result  of  a  Grade-crossing  Accident 

In  general,  the  reports  cover — ■ 

accidents  at  public  highway  grade  crossings  due  to  trains,  loco- 
motives, or  cars  striking  pedestrians  or  colliding  with  trolley 
cars,  automobiles,  or  other  vehicles,  or  objects  other  than  hand 
cars  or  other  railway  tools  or  material     *     *     *_ 

In  the  classification  of  accidents  by  the  commission 
this  has  been  extended  to  include  such  miscellaneous 
cases  as  injuries  to  crossing  flagmen  when  struck  by 
highway  vehicles,  injuries  to  persons  who  have  jumped 
from  vehicles  in  anticipation  of  collisions  which  do  not 
occur,  and  injuries  resulting  from  the  wrecking  of 
highway  vehicles  in  averting  collisions  with  trains, 
when  such  accidents  occur  on  the  railroad  right  of  way. 

Under  the  rules  of  the  commission,  "Any  person 
killed  in  an  accident  at  the  time  of  its  occurrence,  or 
so  seriously  injured  as  to  die  within  24  hours  thereafter, 
should  be  reported  as  killed."  All  other  personal 
casualties  are  listed  as  injured,  even  though  death 
follows  after  a  period  of  more  than  24  hours.  No 
attempt  was  made  in  this  study  to  tabulate  these 
later  deaths,  but  the  Interstate  Commerce  Commis- 
sion, as  a  result  of  a  recent  special  analysis,^  reports 
that  in  addition  to  its  published  totals  of  deaths,  there 
was  a  total  of  205  of  these  subsequent  "fatalities"  from 
grade-crossing  accidents  in  the  entire  country  during 

'  Made  for  this  study  at  the  request  of  the  Bureau  of  Public  Roads 
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1926.  This  amounts  to  an  increase  of  8  per  cent  over 
the  commonly  accepted  and  quoted  figures.  In  the 
following  study,  however,  the  killed  and  injured  are 
listed  as  reported  by  the  railroads,  without  allowance 
for   subsequent   fatahties. 

The  railroads  are  instructed  to — • 

state  all  material  facts,  including  whether  injured  person.s  were 
pedestrians,  occupants  of  trolley  cars,  automobiles,  or  other 
vehicles,  riding  bicycles  or  motor  cycles,  etc.;  the  nature  of 
protection,  if  any,  afforded  at  the  crossing  at  the  time  of  an 
accident;  that  is,  whether  crossing  gates,  watchman,  audible  or 
visual  signals  (not  stationary  signs),  etc.;  the  kind  of  vehicle  or 
object  struck,  and  whether  the  view  of  crossing  was  obscured 
by  buildings,  trees,  cars,  or  other  objects. 

GREAT  VARIETY  OF  ACCIDENTS  REPORTED 

The  reporting  officers  of  the  railroads  differ  widely 
in  their  interpretation  of  the  phrase  "material  facts," 
and  often  fail  to  supply  some  of  the  details  specifically 
enumerated  above.  This  may  be  partly  due  to  the 
fear  of  encouraging  litigation,  despite  the  legal  pro- 
vision that  no  accident  report  "shall  be  admitted  as 
evidence  or  used  for  any  purpose  in  any  suit  or  action 
for  damages  growing  out  of  any  matter  mentioned  in 
said  report."  Many  of  the  reports  are  merely  per- 
functory, but  despite  these  limitations  there  is  no 
comparable  soiu'ce  for  nation-wide  grade-crossing 
accident  facts. 

The  Interstate  Commerce  Commission,  through  its 
Bureau  of  Statistics,  has  tabulated  a  considerable 
volume  of  data  from  these  reports,  including  the  casual- 
ties at  grade  crossings  and  whether  the  victims  were 
trespassers  at  the  time;  the  type  of  accident,  whether 
involving  pedestrian,  passenger  automobile,  truck, 
etc.;  and  the  type  of  protection  afforded  at  the  cross- 
ings for  each  type  of  accident.  These  appear  in  quar- 
terly reports  and  in  the  annual  Accident  Bulletin 
published  by  the  commission.  Certain  of  the  analyses 
presented  here  are  practically  duplications  of  those 
previously  made  by  the  commission.  For  the  most 
part,  however,  the  study  deals  with  what  are  believed 
to  be  new  and  hitherto  unpublished  data. 

The  method  followed  in  the  present  analysis  included 
copying  off  of  pertinent  data,  codifying  these  data 
wherever  that  had  not  already  been  done  by  the 
Interstate  Commerce  Commission,  transferring  them 
to  punch  cards,  and  finally  tabulating  them  by  macliine. 
No  attempt  was  made  to  secure  accurate  correspond- 
ence of  final  results  with  the  figures  published  by  the 
commission.  The  total  of  5,808  accidents  analyzed  in 
this  study  falls  short  of  the  5,890  tabulated  by  the 
Interstate  Commerce  Commission.  The  deficiency  is 
principally  accounted  for  by  the  fact  that  some  of  the 
reports  were  misclassified  by  the  railroads,  were  not  in 
their  proper  place  in  the  files,  and  escaped  the  present 
tabulation.  On  the  other  hand,  a  few  of  the  accidents 
included  in  the  commission's  totals  were  found  to  be 
erroneously  classified  and  were  deliberately  discarded. 
Various  other  differing  judgments  or  minor  errors  in 
both  tabulations  make  strict  comparability  impossible 
either  as  to  number  of  accidents  or  as  to  details  of 
those  tabulated. 

The  greatest  conceivable  variety  of  grade-crossing 
mishaps  was  found  in  these  reports.  Interspersed  in 
the  monotonous  sequence  of  pedestrians,  automobiles, 
and  teams  blundering  on  to  crossings  and  being  struck 
by  trains  that  could  not  turn  aside  nor  stop  quickly 
were  frequent  unique  combinations  of  circumstances 
and,  occasionally,  a  note  of  near-comedy.     In  one  case 


a  helpful  neighbor  and  several  members  of  his  family 
met  death  when  the  friend  whose  car  they  were  towing 
applied  his  brakes  suddenly  and  stalled  the  first  car  in 
the  path  of  a  fast  train.  In  another  case,  it  was  an 
excited  woman  passenger  who  grabbed  the  emergency 
brake  and  stalled  the  automobile  on  the  track.  One 
driver,  after  stopping  on  the  track,  backed  off  safely 
but  continued  backing  in  a  semicircle  until  he  was  once 
more  in  front  of  the  train. 

A  pedestrian  standing  close  to  the  track  was  knocked 
down  and  injured  when  struck  by  the  body  of  a  switch- 
man who  was  riding  the  side  of  a  car.  In  yet  another 
case  a  passenger  on  a  train  was  thrown  down  and  hurt 
when  the  engineman  applied  the  emergency  brakes  as  a 
truck  ran  into  the  side  of  his  engine.  An  unlucky 
farmer  lost  his  life  while  "endeavoring  to  urge  cow 
over  crossing."  An  intoxicated  operator  drove  his  car 
into  the  rear  of  another  car  waiting  at  the  crossing  and 
pushed  it  in  front  of  an  approaching  train.  Numerous 
cases  were  reported  in  which  bystanders  were  struck 
by  flying  wreckage,  sometimes  with  fatal  results. 
Several  persons  lost  their  lives  in  futile  attempts  to 
push  their  stalled  cars  off  the  tracks. 

RURAL  AND  URBAN  ACCIDENTS  COMPARED 

One  of  the  major  questions  in  the  minds  of  those 
responsible  for  this  study  was  as  to  the  distribution  of 
accidents  between  rural  and  urban  regions.  It  was 
believed  that  grade-crossing  accidents  would  be  found 
to  constitute  a  much  greater  proportion  of  all  traffic 
accidents  on  the  country  highways  than  on  city  streets, 
due  to  the  differing  traffic  conditions.  This  conclusion 
was  based  on  the  assumptions,  (1)  that  grade  crossings 
in  the  cities  are  either  eliminated  or  are  better  pro- 
tected than  in  the  country,  while  both  rail  and  high- 
way vehicles  are  moving  at  slower  speeds;  and  (2)  that 
because  of  the  congestion  of  vehicles  and  pedestrians 
on  city  streets,  a  majority  of  all  traffic  accidents  occur 
in  the  cities  and  larger  villages. 

According  to  the  most  recent  estimate  made  by  the 
National  Safety  Council,  there  were  in  1926  approxi- 
mately 25,000  fatalities  due  to  street  and  highway 
accidents  of  all  kinds.  Railroad  grade-crossing  acci- 
dents, according  to  the  Interstate  Commerce  Com- 
mission figures,  account  for  2,491  of  these,  or  10  per 
cent.  Analysis  of  these  statistics  to  show  urban  and 
rural  accidents  separately  involves  further  estimates, 
which  can  be  made,  it  is  believed,  with  sufficient  accu- 
racy to  be  worth  whUe. 

The  proportion  of  urban  and  rural  grade-crossing 
accidents  was  determined  from  an  analysis  of  the 
individual  grade-crossing  accident  reports.  According 
to  the  narfte  of  the  "nearest  station"  as  reported  by 
the  railroad  and  the  "distance  and  direction  from 
station  named,"  with  occasional  assistance  from  other 
data  given,  the  accidents  were  divided  into  two  groups: 
(1),  "Urban"  occurring  in  incorporated  places  having  a 
population  (census  of  1920)  of  2,500  persons  or  more; 
and  (2)  "rural,"  all  others.  This  classification  is 
in  accord  with  the  definitions  of  urban  and  rural 
population  as  made  by  the  Bureau  of  the  Census.  It 
also  corresponds  approximately  with  the  provisions  of 
Federal-aid  legislation,  which  states  that  Federal  aid 
shall  not  be  extended  to  highways  within  incorporated 
places  having  a  population  of  2,500  or  more,  except  on 
"that  portion  of  any  such  highway  or  street  along 
which,  within  a  distance  of  1  mile,  the  houses  average 
more  than  200  feet  apart." 
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It  was  not  always  possible  to  determine  whether  an 
accident  happened  outside  or  within  the  corporate 
limits  of  the  place  named,  even  when  the  distance  from 
the  station  was  stated.  When  the  distance  was  not 
given,  as  was  frequently  the  case,  it  was  necessary  to 
assume  the  location  as  at  the  station  or  very  near  it. 
It  is  probable  that  a  considerable  number  of  rural  acci- 
dents were  tabulated  as  urban  because  the  nearest 
station  was  urban.  It  is  recognized  that  for  certain 
purposes  it  would  be  much  more  helpful  to  laiow 
whether  an  accident  occurred  under  rural  conditions 
(light  traffic,  absence  of  buildings  adjacent  to  the  track, 
etc.)  or  under  urban  conditions,  than  to  know  where  it 
occurred  in  relation  to  a  certain  boundary  line.  But 
such  a  refinement  was  clearly  impossible  without  a 
great  deal  of  unsatisfactory  correspondence  or  a  per- 
sonal visit  to  the  site  of  almost  every  accident,  and 
would  have  raised  difficult  questions  of  definition. 

The  result  of  the  rural  and  urban  classification  was 
not  quite  according  to  expectations.  The  total  number 
of  accidents  was  almost  exactly  equally  divided,  there 
being  2,897  rural  accidents  and  2,907  urban  accidents.^ 
On  the  other  hand,  the  rural  accidents  were  clearly  of  a 
more  serious  nature.  They  resulted  in  1,570  fatalities 
while  urban  accidents  caused  but  895.  The  number  of 
persons  injured  shows  less  discrepancy.  These  figures 
are  tabulated  by  States  in  Table  1. 

GRADE    CROSSINGS    RESPONSIBLE    FOR  16  PER    CENT   OP    RURAL 
HIGHWAY  FATALITIES 

Statistics  for  other  types  of  street  and  highway  ac- 
cidents are  scarce,  but  such  evidence  as  we  have  seems 
to  support  the  assumption  that  the  majority  of  such 
accidents  take  place  in  urban  regions.  The  Massa- 
chusetts motor  vehicle  department  reports  that  out  of 
669  fatal  motor-vehicle  accidents  during  the  fiscal  year 
1926,  394,  or  nearly  60  per  cent,  occurred  in  business 
districts  or  thickly  settled  residential  districts.  The 
New  York  State  bureau  of  motor  vehicles  reports,  for  the 
months  of  June  and  July,  1927,  but  1,440  motor-vehicle 
accidents,  with  130  deaths,  in  localities  of  less  than 
2,500  population  as  compared  with  12,937  accidents 
and  314  deaths  in  places  of  more  than  2,500  persons. 
This  places  more  than  70  per  cent  of  these  fatalities  in 
urban  areas. 

It  is  possible  that  these  highly  urbanized  States  do 
not  give  a  fair  picture  of  the  distribution  of  accidents 
in  the  country  as  a  whole,  but  comparable  statistics  for 
the  more  rural  States  are  not  available.  We  do  have, 
however,  certain  figures  for  the  United  States  registra- 
tion area,*  published  by  the  Bureau  of  the  Census. 
According  to  this  source,  there  were  in  1925  (the  latest 
figures  available)  a  total  of  19,335  motor-vehicle  fatali- 
ties (including  automobile  collisions  with  street  cars 
and  railroad  trains)  in  the  registration  area,  of  which 
11,781,  or  61  per  cent,  occurred  in  cities  of  over  10,000 
population.  The  corresponding  ratio  for  1924  (not, 
however,  including  collisions  with  heavier  vehicles)  was 
nearly  63  per  cent.  Unfortunately  for  the  complete 
usefulness  of  these  authoritative  statistics,  they  indi- 
cate only  the  place  where  death  occurred,  regardless  of 
the  place  where  the  fatal  injuries  may  have  been  re- 

'  For  four  accidents  the  information  given  was  inadequate  for  even  a  reasonable 
guess  as  to  the  place  of  occurrence. 

*  The  registration  area  comprises  those  parts  of  the  United  States  which  meet  cer- 
tain standards  in  the  reporting  of  mortality  statistics.  During  1925  it  included  40 
States  and  25  cities  outside  those  States  (including  the  District  of  Columbia),  repre- 
senting 70.9  per  cent  of  the  area  and  89.4  per  cent  of  the  population  of  the  continental 
United  States. 


ceived.  It  frequently  happens  that  injured  persons  are 
brought  to  city  hospitals  after  receiving  injuries  at 
points  outside  of  the  city— so  frequently  that  the  Bu- 
reau of  the  Census  has  felt  it  necessary  to  recognize  the 
tact  m  Its  automobile  accident-mortality  reports  for  the 
larger  cities,  listing  separately,  so  far  as  obtainable,  the 
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Table  1. — Rural  and  urban  grade-crossing  accidents  and  personal 
casualties  by  States,  1926 


State 


Ohio 

Illinois.- - 

New  York _ . 

Indiana 

Pennsylvania 

Michigan 

California 

Te.xas 

Wisconsin 

New  Jersey 

Florida 

Iowa 

Alabama.-- 

Kansas 

Oklahoma 

Georgia 

Missouri 

North  Carolina.  -. 

Minnesota 

Kentucky 

Tennessee 

Arkansas 

Mississippi 

Louisiana.- 

Washington 

Colorado 

South  Carolina 

Virginia 

Nebraska 

Maryland 

Massachusetts 

West  Virginia 

North  Dakota 

Oregon 

Vermont 

Connecticut 

Montana 

South  Dakota 

Delaware 

Maine 

Arizona - 

Utah 

Idaho 

New  Hampshire.. 

New  Mexico 

Rhode  Island 

District    of    Co- 
lumbia  

Nevada 

Wyoming 


Total  I 


Num- 
ber of 
acci- 
dents 


541 
516 
412 
401 
398 
350 
280 
238 
170 
164 
156 
141 
136 
131 
128 
127 
126 
125 
120 
107 
102 
95 
88 
74 
64 
62 
56 
56 
55 
50 
50 
46 
30 
29 
25 
22 
22 
19 
15 
15 
14 
14 
11 
11 


Per- 
sons 
kiUed 


Per- 
sons 
in- 
jured 


Total 5,808     2,465 


260 
237 
204 
173 
160 
133 
125 
84 


600 
570 
448 
457 
484 
425 
301 
313 
217 
173 
186 
154 
199 
196 
155 
163 
128 
125 
159 
119 
174 
109 
101 
94 
76 
83 
73 
95 
71 
57 
58 
56 
32 
28 
35 
29 
27 
20 
16 
15 
14 
25 
10 
16 
16 
2 

1 
1 

1 


,907 


Rural 


Num- 
ber of 
acci- 
dents 


220 
221 
210 
173 
214 
141 
130 
117 
80 
93 
95 
73 


2,897 


Per- 
sons 
killed 


130 
136 
115 
107 
106 
69 
82 
61 
49 
54 
57 
36 
24 
33 
37 
30 
42 
37 
36 
23 
17 
16 
25 
13 
21 
15 
11 
18 
20 
20 
12 
20 
10 
11 
10 
8 
7 
6 
20 
3 
4 
7 
4 
5 
3 
0 

0 
0 
0 


Per- 
sons 
in- 
jured 


227 
233 
231 
184 
261 
167 
139 
132 
113 
100 
109 
80 
101 
93 
61 
61 
63 
60 
95 
47 
81 
55 
62 
44 
39 
32 
42 
63 
45 
36 
27 
35 
24 
15 
32 
24 
12 
16 
12 
14 
5 
15 
5 
8 
13 
2 

0 
0 

1 


1,  570     3, 306 


Urban 


Num- 
ber of 
acci- 
dents 


320 
294 
202 
228 
184 
209 
150 
121 
90 
71 
60 


2,907 


Per- 
sons 
kUled  ,., 


130 
101 
89 
66 
54 
64 
43 
23 
39 
27 
12 
18 
17 
11 
19 
20 
23 
26 
11 
20 
7 
7 
2 
12 
5 
10 
4 
5 
2 
4 
5 
2 
1 
4 
1 
5 
0 
1 
1 
0 
1 
0 
0 
0 
0 

1 

2 
0 
0 


Per- 
sons 
in- 
ured 


372 

336 

217 

273 

223 

268 

162 

181 

104 

73 

76 

74 

98 

103 

94 

102 

65 

65 

64 

72 

93 

53 

39 

50 

37 

51 

31 

32 

26 

21 

31 

21 

8 

13 

3 

5 

15 

4 

4 

1 

9 

10 

5 

8 

3 

0 

1 
1 
0 


895     3, 597 


'  Total  includes  four  accidents  unclassified  as  to  rural  or  urban  locality. 
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total  accidental  deaths  for  each  city  and  the  deaths  re- 
sulting from  accidents  which  happened  within  the  city. 
For  the  52  weeks  ended  November  5,  1927,  out  of  5,674 
deaths  reported  from  61  of  the  larger  cities,  751  were 
the  result  of  accidents  occurring  elsewhere,  though  not 
necessarily  in  rural  districts. 

Offsetting  in  some  degree  this  possible  13  per  cent 
error  in  the  statistics  for  urban  fatalities  is  the  fact  that 
in  its  mortality  statistics  the  Bureau  of  the  Census 
treats  all  localities  of  less  than  10,000  population  as 
rural,  whereas  in  its  population  studies,  and  in  this 
discussion,  the  Ime  is  drawn  at  2,500.  Cities  of  10,000 
and  over  in  the  United  States  include  but  42.3  per  cent 
of  the  entire  population,  while  cities  and  villages  of 
between  2,500  and  10,000  include  9  per  cent.  If 
fatality  figures  were  available  separately  for  the  smaller 
incorporated  localities  the  urban  total  would  be  con- 
siderably increased. 

It  therefore  appears  justifiable  to  estimate  that  of  all 
street  and  highway  fatalities,  approximately  40  per  cent, 
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or  10,000,^  in,  1926  occurred  in  rural  areas.  As  shown  in 
Table  1,  some  1,570  grade-crossing  fatalities  occurred 
in  rural  regions.  On  this  basis,  rural  grade  crossings 
are  responsible  for  16  per  cent  of  all  rural  highway 
fatalities. 

Two  further  considerations  support  the  belief  that 
this  estimate  of  16  per  cent  is  conservative: 

(1)  As  previously  stated,  the  actual  number  of 
deaths  from  grade-crossing  accidents  includes  approxi- 
mately 8  per  cent  additional  subsequent  fatalities. 

(2)  The  grade-crossmg  accident  statistics  quoted 
are  only  those  for  the  steam  railroads  of  the  country. 
During  1926  there  were  also  237  persons  killed  at 
crossings  by  the  electric  railroads  which  report  to  the 
Interstate  Commerce  Commission.  While  it  is  prob- 
able that  the  proportion  of  urban  accidents  on  these 
roads  is  higher  than  for  the  steam  roads,  a  considerable 
number  of  these  fatalities  should  properly  be  included 
in  the  rural  grade-crossing  total. 

TYPES  OF  GRADE-CROSSING  ACCIDENTS 

Of  the  accidents  analyzed  in  this  study,  by  far  the 
greater  number  involve  passenger  automobiles,  as  might 
be  expected  in  view  of  the  large  predominance  of  such 
vehicles.  Table  2  shows  the  number  of  accidents 
according  to  type,  together  with  the  number  of  personal 
casualties  for  each  type: 

»  Based  on  estimate  of  National  Safety  Council  of  25,000  in  1926. 


Table  2. — Grade-crossing     accidents    by    type,    and    personal 
casualties,  1926 


Type  of  accident 


Total  I 


^,%1'ls^ons 
d'ents  '^*"«'l 


Accident  involving- 
Passenger  automobile'4, 035 

Automobile  truck 880 

Pedestrian _ 535 

Animal-drawn  vehicle  152 

Trolley  car- 35 

Automobile  bus 30 

Motorcycle ._.  17 

Bicycle _-.  10 

Other  vehicle 12 

Miscellaneous 102 


1,742 

284 

301 

48 

1 

19 

10 

8 

3 

49 


Per- 
sons 
in- 
jured 


Num- 
ber of 
acci- 
dents 


5,290 

916 

251 

124 

149 

89 

12 

2 

14 

60 


Rural 


2,122 

468 

157 

86 

4 

17 

6 

1 

6 

30 


Total- - 5,808   2,465   6,907   2,897   1,570   3,306   2,907       895     3,597 

I 


Per- 
sons 
killed 


1,206 

189 

104 

34 

0 

19 

3 

1 

2 

12 


Per- 
sons 
in- 
jured 


2,621 

457 

59 

61 

20 

63 

4 

0 

6 

25 


Urban 


Num- 


Per- 


\%i-^!^°°s 
dents '^i"«<l 


1,910 
4U 
378 
66 
31 
13 
11 


72 


536 

95 

197 

14 

1 

0 

7 

7 

1 

37 


Per- 
sons 
in- 
jured 


2,  666 
458 
192 

63 
129 

36 


35 


'  Total  includes  four  accidents  unclassified  as  to  rural  or  urban  locality. 

The  differing  significance  of  rural  and  urban  accidents 
becomes  still  more  apparent  when  the  accidents  are 
thus  classified  by  type,  and  the  inadequacy  of  mere 
numbers  of  accidents  as  a  measure  of  grade  crossing 
danger  is  plain.  Deaths  for  each  important  type  of 
accident  in  rural  localities  are  practically  double  those 
for  urban  localities,  with  the  exception  of  those  involv- 
ing automobile  buses,  pedestrians  and  those  classed  as 
miscellaneous.  In  the  first-named  group  all  the  fatali- 
ties occurred  in  rural  accidents,  while  for  the  last  two 
types  urban  accidents  predominate.  The  number  of 
nonfatal  injiu'ies  is  ai^proximately  the  same  for  rural 
and  urban  accidents  in  each  class  except  trolley-car 
and  pedestrian  accidents.  The  lower  fatality  rate  in 
vehicular  accidents  in  urban  areas  may  be  attributed, 
among  other  things,  to  the  slower  speed  of  both  trains 
and  highway  vehicles. 

The  total  number  of  persons  killed  and  injured  in 
practically  every  group  exceeds  the  number  of  accidents 
in  that  group  for  the  reason  that  many  of  the  accidents 
result  in  plural  casualties.  Even  among  the  pedestrian 
accidents  there  were  frequent  cases  in  which  two  or 
more  persons  went  upon  the  track  at  the  same  time 
and  were  struck  by  the  same  train,  the  several  casual- 
ties being  included  in  a  single  accident  report. 

GRADE  CROSSINGS  PROTECTED  BY  VARIOUS  DEVICES 

A  casual  study  of  grade-crossing  accidents  makes  it 
evident  that  no  sort  of  crossing  protection  can  guarantee 
safety  to  certain  sorts  of  people,  nor  even,  under 
particular  combinations  of  circumstances,  to  careful 
users  of  the  highways.  Many  grade  crossings  have  been 
eliminated  in  recent  years  from  the  more  important 
highways  either  by  separation  of  grade  or  by  relocation 
of  one  or  both  of  the  rights  of  way.  This  remedy  is 
too  expensive  to  be  applied  everywhere,  and  it  is 
necessary  to  resort  to  various  degrees  of  protection. 

The  most  positive  form  consists  of  gates,  operated 
by  a  watchman  on  the  crossing  or  in  a  near-by  tower, 
these  gates  closing  the  highway  on  both  sides  of  the 
crossing  when  a  train  is  about  to  pass.  When  the  gates 
are  down  the  railroad  right  of  way  is  fenced  off  from 
the  public,  and  highway  travelers  injured  in  crossing 
accidents  at  such  times  are  classed  by  the  railroads 
and  by  the  Interstate  Commerce  Commission  as 
trespassers.  The  gates  may  be  operated  at  all  times, 
or  only  during  certain  hours  when  it  is  believed  that 
the  volume  of  traffic  requires  them. 
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Next  m  order  is  the  crossing  flagman,  who  stands  on 
the  crossmg  with  a  sign  or  a  lantern  and  stops  traffic 
durmg  train  movements.  He,  lilve  the  gateman,  may 
be  on  duty  all  or  only  a  part  of  the  24  hours. 

Audible  and  visual  signals  are  those  which,  on  the 
approach  of  a  train,  sound  a  bell  or  other  audible  signal 
and  further  attract  attention  by  a  flashing  or  swinging 
light  or  movmg  sign.  They  are  commonly  operated 
automatically  by  train  movement,  like  railroad  block 
signals,  though,  occasionally,  manual  operation  is 
depended  upon. 

Crossing  bells  are  also  used  without  a  supplementary 
visual  signal  (i.  e.,  no  lights  or  moving  signal  operated 
by  train  movement),  while  visual  signals  are  similarly 
found  without  audible  accompaniment. 

Finally,  there  are  fixed  signs,  which  only  call  atten- 
tion to  the  existence  of  the  crossing,  and  give  no  special 
notice  of  the  approach  of  trains.  Crossings  marked  by 
fixed  signs  only  are  classed  by  the  Interstate  Commerce 
Commission  as  "  unprotected,"  and  have  been  so  treated 
in  the  present  study.  The  fixed  sign  may  be  the  familiar 
cross  arm  or  its  equivalent,  at  the  side  of  the  road,  or 
it  may  be  some  special  device  such  as  an  overhead  sign, 
a  sign  placed  on  an  island  in  the  middle  of  the  road,  an 
approach  sign  placed  along  the  road  some  distance  from 
the  crossing,  or  a  sign  painted  on  the  highway  surface. 


A  Village  Crossing  Protected  By  Audible  (Bell) 
Signal  and  Standard  Sign 

majority  of  accidents  occur  at  unprotected  crossings 

In  this  study  the  analysis  of  type  of  protection  is 
carried  farther  than  in  that  of  the  Interstate  Commerce 
Commission,  since  the  kind  of  protection  recorded  for 
each  crossing  is  the  highest  type  normally  to  be  found 
at  that  crossing,  regardless  of  its  temporary  discon- 
tinuance for  whatever  cause.  If,  for  example,  an 
accident  occurred  at  a  certain  crossing  at  11.30  p.  m., 
after  the  gate  operator  had  gone  off  duty,  that  crossing 
is  here  tabulated  as  protected  by  gates,  with  the  added 
notation  that  the  gate  operator  was  off  duty  at  the 
time.  Similar  treatment  is  given  where  gates  were 
reported  as  out  of  order,  where  a  ffagman  was  negligent 
though  supposed  to  be  on  duty,  or  where  an  automatic 
signal  failed  to  operate.  AU  accidents  occurring  under 
such  circumstances  appear  in  the  reports  published  by 
the  Interstate  Commerce  Commission  as  having  taken 
place  at  unprotected  crossings.  On  the  other  hand,  it 
frequently  happens  that  under  the  rules  of  some  rail- 
roads, irregular  switching  movements  are  protected  by 
members  of  the  switching  crews  at  crossings  otherwise 
unprotected  at  the  time.  In  the  tabulation  here  made, 
and  in  the  reports  of  the  Interstate  Commerce  Com- 
mission, such  crossings  are  reported  as  protected  by 


watchmen,  even  though  the  regular  watchman  mav  be 
ott  duty  at  the  time  or  there  may  be  normally  some 
other  type,  or  no  type  of  protection. 

Table  3  shows  the  frequency  of  accidents  occurring 
under  each  type  of  protection  for  both  rural  and  urban 
localities.  The  great  majority  of  accidents  take  place 
at  unprotected  crossings  and  it  is  probable  that  most 
ot  those  under  the  heading  "Not  stated"  are  also  in 
this  category. 


A  Cros,si.\(,   Wakiiaiw   (i\    iHE  Job 

Table  3. — Type  of  -protection  at  grade  crossings  where  accidents 
occurred  in  1926 


Type  of  protection 


Total  1 


Num- 
ber of 
acci- 
dents 


(lates 

Watchman 

Audible  and  visual  sig- 
nals  

Audible  signals '    366 

Visual  signals J    277 

Unprotected '2,440 

Not  stated ...|1,3.58 


220 


Total - 


■;5,f 


Per- 
sons 
kUled 


162 
236 


1,101 
499 


2,465 


Per- 
sons 
in- 
jured 


Num- 
ber of 
acci- 
dents 


457 
914 

260 

414 

287 

2,919 

1,656 


6,907 


Rural 


Per- 
sons 
kUled 


60 
155 

115 
206 
139 
1,447 
775 


2,897 


138 

82 

810 

356 


1,570 


Per- 
sons 
in- 
jured 


85 
183 

137 
203 
136 
,652 
910 


Num- 
ber of 
acci- 
dents 


3,306 


Urban 


352 
580 

105 
160 
138 
991 
581 


2,907 


Per- 
sons 
killed 


131 
167 

63 
59 
41 
291 
143 


895 


Per- 
sons 
in- 
jured 


372 
731 

123 

211 

151 

1,265 

744 


3,597 


I  Total  includes  four  accidents  not  classified  as  to  rural  or  urban  locality. 

Most  of  the  higher  types  of  protection,  namely,  the 
gates  and  watchmen,  are  in  urban  localities,  while 
unprotected  crossings  greatly  predominate  in  the  rural 
accidents.  According  to  figures  supplied  by  the  Inter- 
state Commerce  Commission,  the  235,158  railroad  grade 
crossings  on  Class  I  steam  railroads  ^  in  the  United 
States  are  protected  as  shown  in  Table  4. 

NUMBER    OF    ACCIDENTS    NOT   A   MEASURE    OF    EFFICIENCY    OF 
PROTECTION 

A  comparison  of  Tables  3  and  4  reveals  that  while 
less  than  3  per  cent  of  the  crossings  are  protected  by 
gates  for  all  or  part  of  the  day,  7  per  cent  of  the  ac- 
cidents and  almost  the  same  proportion  of  the  fatalities 
occurred  at  such  crossings.  Slightly  more  than  3  per 
cent  of  the  crossings  are  protected  by  watchmen,  but 
nearly  13  per  cent  of  the  accidents  and  nearly  10  per 
cent  of  the  fatalities  are  found  *at 'these  crossings. 
This  disproportionate''number  of  accidents  and  fatali- 
ties at  crossings  having  the  higher  types  of  protection 
is  not  to  be  taken  as  an  indication  of  the  ineffectiveness 


8  These  totals  would  be  little  changed  by  the  inclusion  of  grade  crossings  on  rail 
roads  other  than  Class  I  carriers. 
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Table  4. — Kind   of  protection   at   highway   grade   crossings   on    Table  6.- 
Class  J  steam  railroads  in  the  United  States,  1926 


-Types  of  accidents  occurring  at  crossings  protected  by 
lowered  gates,  1926 


Kind  of  protection 


Gates,  with  or  witliout  other  protection, 
operated  24  hours  per  day 

Gates,  with  or  without  other  protection, 
operated  less  than  24  hours  per  day 

Watchmen,  alone  or  with  protection  other 
than  gates,  on  duty  24  hours  per  day... 

Watchmen,  alone  or  with  protection  other 
than  gates,  on  duty  less  than  24  hours 
per  day ■ 

Both  audible  and  visual  signals,  without 
other  protection 

Audible  signals  only... 

Visual  signals  only — 

Special  fixed  signs  or  barriers,  with  or  with- 
out standard  fixed  signs — 

Standard  fixed  signs  only.. -- 

Otherwise  unprotected 


Protected 

Unprotected. 


Number 
at  begin- 
ning of 
year 


3,400 
2,986 
1,263 

6,672 

5,619 
5,732 
1,613 

26, 247 

176, 101 

4,068 


Number 

added 

during 

year 


134 


130 


959 
80 
685 

3,634 

3,358 

949 


27,  285 
206,416 


Total — 233,701 


2,255 
7,941 


10, 196 


Number 
elimi- 
nated 
during 
year  ' 


187 
232 


119 

485 

92 

515 

6,205 

406 


1,613 
7,126 


Number 

at  end  of 

year 


3,347 
2,823 
1,303 

6,462 

6,459 
5,327 
2,206 

29,  366 

173, 254 

4,611 


I  8,  739 


27,  927 
207, 231 


235, 158 


'  Total  includes  195  crossings  eliminated  by  separation  of  grades. 

of  such  protection.  The  hazard  at  any  given  crossing 
may  be  said  to  be  measured  roughly  by  the  product  of 
the  total  highway  traffic  by  the  total  train  movement, 
although  numerous  other  variables  such  as  topography, 
highway  surface,  and  speed  also  play  a  part.  The 
value  of  any  safeguard  must  be  judged  by  the  number 
of  accidents  which  are  prevented  rather  than  by  the 
number  which  happen  in  spite  of  it.  Data  of  a  suffi- 
ciently general  nature  for  use  in  drawing  statistical 
conclusions  as  to  the  relative  merits  of  types  of  crossing 
protection  are  as  yet  not  available. 

Of  the  412  accidents  and  162  fatalities  which  occurred 
at  crossings  protected  by  gates,  58  accidents,  with  22 
fatalities,  occurred  during  hours  when  the  gate  operator 
was  off  duty.  One  hundred  and  six  accidents,  with  31 
fatalities,  occurred  when  the  operator  was  on  duty  but 
failed  for  one  reason  or  another  to  have  the  gates 
lowered  at  the  proper  time,  while  220  accidents,  with 
98  fatalities,  occurred  in  spite  of  properly  lowered 
gates.     These  figures  are  shown  in  detail  in  Table  5. 

Table  5. — Operation  of  crossing  gates  at  crossings  where  accidents 
occurred,  1926 


Operation  of  gates 

Number 
of  acci- 
dents 

Persons 
killed 

Persons 
injured 

Gates  functioning  properly.. .. 

220 
58 
95 
11 
28 

98 

22 

29 

2 

11 

169 

Gateman  off  duty  at  hour  of  accident       . 

86 

Gateman  on  duty  but  failed  to  have  gates  lowered. . 
Gates  out  of  order 

144 

17 

Insufficient  information  and  miscellaneous 

41 

Total 

412 

162 

457 

Accidents  occuring  despite  lowered  crossing  gates 
were  due,  with  rare  exceptions,  to  vehicles  crashing 
into  or  through  the  gates,  or  pedestrians  passing  around 
or  under  them.     Table  6  shows  this  group  in  detail. 

It  will  be  noted  that  over  half  the  accidents  and  more 
than  three-fourths  of  the  fatalities  involved  pedestrians. 
Four  accidents,  with  two  fatalities,  were  the  result  of 
pedestrians  trying  to  climb  between  or  over  cars.  In 
view  of  the  common  assertions  as  to  the  frequency  with 
which  crossing  gates  are  wrecked  by  motorists,  it  is 
of  interest  to  discover  that,  according  to  these  records, 
few    reportable    accidents    result.     Either    the    usual 


Type  of  accident 

Number 
of  acci- 
dents 

Persons 
killed 

Persons 
injured 

67 

7 

137 

9 

15 
3 

76 
4 

92 

Collision  with  automobile  truck    ..     .      .  . 

6 

65 

6 

Total     

220 

98 

169 

statements  are  exaggerated  or  the  resulting  casualties 
are  of  too  minor  a  nature  to  come  under  the  reporting 
rules.  Only  74  accidents  and  18  fatalities  are  attrib- 
uted to  motor  vehicles  at  crossings  protected  by 
lowered  gates. 

At  crossings  protected  by  watchmen  there  were  735 
accidents  and  236  fatalities,  of  which  130  accidents 
with  50  deaths  occurred  during  hours  when  the  watch- 
man was  off  duty.  Fifty-four  accidents  with  32 
fatalities  were  attributable  to  negligence  on  the  part 
of  the  watchman,  including  5  cases  in  which  the  watch- 
man himself  was  the  victim  of  a  train  while  on  duty. 
In  504  accidents,  taking  a  toll  of  140  lives,  the  watch- 
man was  reported  as  properly  at  his  post  of  duty  on  the 
highway.  Apparently  there  is  sometimes  confusion 
as  to  the  signals  given  by  watchmen  to  highway 
travelers,  as  in  a  number  of  instances  cars  were  driven 
on  to  the  crossing  under  a  mistaken  impression  that  a 
proceed  signal  was  given.  This  is  especially  apt  to 
happen  when  the  watchman  is  a  member  of  a  train 
crew  and  is  giving  signals  to  his  engineman.  On  the 
other  hand,  the  watchman  is  more  often  completely 
ignored.  Instances  were  reported  in  which  the  watch- 
man was  struck  by  an  automobile,  or  had  the  lantern 
knocked  out  of  his  hand.  One  watchman  threw  his 
lantern  at  an  approaching  car  in  a  last  futile  effort  to 
bring  it  to  a  safe  stop. 

INTERMITTENT   CROSSING    PROTECTION    GIVES   FALSE   SENSE   OF 
SECURITY 

It  should  be  stated  that  the  absence  of  the  gate 
operator  or  watchman  does  not  in  every  case  leave  the 
crossing  unprotected.  Bells  or  visual  signals  are  fre- 
quently in  operation  during  such  hours.  Where  a 
gateman  or  watchman  is  on  duty  only  a  portion  of  the 
day,  it  is  customary  to  post  a  sign  at  the  crossing 
indicating  the  hours  during  which  he  is  not  present. 
These  signs  are  not  always  sufficiently  conspicuous  or 
legible,  and  even  at  best,  the  person  who  is  familiar 
with  a  crossing  does  not  stop  to  read  them  or  to  consult 
his  watch  each  time  he  passes.  Numerous  accidents 
were  noted  which  occurred  within  a  few  minutes  after 
the  gateman  or  watchman  went  off  duty,  or  just  before 
he  arrived  on  duty.  One  instance  was  reported  from 
Arizona  in  which  the  motor-vehicle  driver  was  a 
Chinaman  and  unable  to  read  the  sign  which  stated 
that  the  crossing  was  unprotected  at  that  hour. 

Despite  various  safeguards,  it  appears  that  inter- 
mittent protection  introduces  certain  dangers.  In  the 
report  of  the  committee  on  grade-crossing  design, 
protection,  and  elimination,  of  the  American  Railway 
Engineering  Association,  December,  1926,  this  state- 
ment is  made: 

Where  gates  are  in  service  for  less  than  24  hours  and  not  in 
service  when  there  is  traffic  on  the  railway,  the  protection  is 
not  satisfactory  in  that  it  conveys  a  false  sense  of  security  to 
those  using  the  crossing  and  may  result  in  serious  injury. 


January,  1928 


PUBLIC   ROADS 


237 


It  tot"hth■?nils^.!:^^a^^^!5!"^^^  *lp?  ^--  8.-.^..  .^..^  ....en.,  an^cas^o...::;;::.^. 


Speed  of  train  (miles  per  hour) 


appear  to  be  highly  dependable  in  their  operation,  and 
there  secerns  to  be  no  reason  why  they  should  not  be 
as  reliable  as  the  block  signals  which  control  tram 
operation.  Only  12  cases  were  found  in  which  they 
were  reported  as  being  out  of  order.  A  most  serious 
criticism  of  such  signals,  however,  is  that  they  will 
continue  to  operate  as  long  as  there  is  a  train  inside 
the  circuit.  Where  switching  is  being  done  in  the 
vicinity  it  is  not  uncommon  for  the  bell  or  other  signal 
to  operate  continuously  for  long  periods,  despite  the    201029:::::::::::;::::;;;:—-        f^l 

fact  that  no  train  moves  over  the  crossing.     At  such    4oto49 

crossings  the  stranger  is  perplexed  and  the  local  citizen    ^giXveV 
soon  begms  to  ignore  the  warnings.  Not  reported": 


involving  passenger  automobiles,  1926 


0  (standing). 

1  to  4 

5  to  9 

10  to  19., 


!  Number 
of  acci- 
dents 


172 

334 
666 


SPEED  OF  TRAINS 

The  higher  fatality  rate  in  rural  accidents  appears 
to  be  correlated  with  the  higher  speed  of  trains  in 
rural  areas.  The  higher  average  speed  and  relatively 
greater  damage  done  in  rural  accidents  is  clearly  shown 
in  Table  7. 

Table  7. — Speed  of  train,  number  of  accidents,  and  casualties  at 
grade  crossings,  1926 


Total  1 

Rural 

Urban 

Speed  of  train 
(miles  per  hour) 

Num- 
ber of 

acci- 
dents 

Per- 
sons 
liilled 

Per- 
sons 
in- 
jured 

Num- 
ber of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
In- 
jured 

Num 
ber  of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

0  (standing). 

1  to  4.. 

195 

509 

981 

1,455 

1,014 

712 

479 

266 

84 

113 

18 
59 
131 
378 
462 
550 
454 
286 
101 
26 

334 

645 

1,425 

1,858 

1,206 

647 

387 

194 

65 

146 

99 

128 
245 
613 
606 
521 
360 
223 
65 
37 

12 
9 

36 
166 
284 
391 
336 
241 

87 
8 

159 
178 
380 
789 
733 
488 
309 
167 
55 
48 

95 
381 
736 
841 
407 
190 
119 
43 
19 
76 

6 

50 
95 
212 
178 
159 
118 
45 
14 
18 

174 

467 

1,045 

1,068 

472 

158 

78 

27 

10 

98 

5  to  9     

10  to  19 

20to29_ 

30  to  39 

40  to  49. 

50  to  59 

60  and  over. 

Not  reported. 

Total 

5,808 

2,465 

6,907 

2,897 

1,570 

3,306 

2,907 

895 

3,597 

•  Total  includes  four  accidents  not  classified  as  to  rural  or  urban  locality. 

The  195  accidents  occurring  when  trains  were  stand- 
ing still  are  accounted  for  principally  by  collisions  of 
motor  vehicles  with  stationary  trains  or  cars.  There 
were  six  cases  of  persons  climbing  between  or  over 
standing  cars,  resulting  in  no  fatahties  but  in  injuries 
usually  caused  by  unexpected  motion  of  the  cars  when 
the  train  was  coupled  on  to  or  started.  Perhaps  these 
should  not  be  classed  among  standing-train  accidents. 
One  automobile  bus  and  three  trolley  cars  collided  with 
standing  trains,  all  in  urban  territory,  with  no  fatalities 
but  with  25  personal  injuries.  Collisions  involving 
passenger  automobiles  alone  and  the  casualties  for  each 
speed  are  shown  in  Table  8. 

Chance  of  survival  shows  a  steady  decrease  as  the 
speed  of  the  train  increases  above  10  miles  an  hour. 
The  slightly  higher  mortality  rate  for  the  very  slowest 
train  movement  is  probably  explained  by  the  high 
proportion  of  automobiles  running  into  trains  in  the 
low-speed  groups.  It  is  usually  the  reckless  and  high- 
speed driver  who  suffers  from  this  type  of  accident, 
and  what  the  train  lacks  in  momentum,  he  supplies. 

Pedestrian  accidents  usually  occur  near  stations  or 
in  yards  where  switching  is  being  done  on  multiple 
tracks.  This  is  reflected  in  the  speed  of  trains  involved 
in  such  accidents.  Excluding  those  accidents  due  to 
persons  climbing  between  or  over  cars,  the  pedestrian 
accidents  and  speed  of  trains  are  shown  in  Table  9. 


All  speeds.. 


510 
335 
188 
58 
72 


Persons  killed 


Persons  injured 


Total 


Per  acci- 
dent 


Total 


17 

29 

51 

234 

•341 

422 

347 

219 

70 

12 


4,035 


1,742 


0.10 

.09 

.08 

.24 

.48 

.83 

1.04 

1.16 

1.21 

.17 


284 
459 
1,070 
1,418 
942 
516 
294 
146 
54 
107 


.43 


5,287 


Per  acci- 
dent 


1.65 
1.37 
1.61 
1.44 
1.32 
1.01 


.78 
.93 
1.49 


1.31 


Table  9. — Showing    speed    of   train,    accidents,    and    casualties 
involving  pedestrians,  1926 


Speed  of  train  (miles 
per  hour) 


0  (standing). 

lto4 

5to9 

10  to  19 

20  to  29 

30  to  39 


Num- 
ber of 
acci- 
dents 


1  1 

56 
117 
150 


Per- 
sons 
kUled 


Per- 
sons 
in- 
jured 


Speed  of  train  (miles 
per  hour) 


40  to  49 

41 

50  to  59 

19 

60  and  over 

Not  reported 

5 
..'      13 

Num-I  p 

afci°'  -- 
dentsi'^"'<=d 


All  speeds ■    512      296 


Per- 
sons 
in- 
jured 
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•  1  pedestrian  injured  himself  by  stumbling  against  a  standing  train. 


A  Crossing  With  An  Unusually  Restrictiod  View, 
Protected  By  Audible  and  Visual  Signals — Bell 
AND  Swinging  Disk 

GRADE-CROSSING  ACCIDENTS  VARY  WITH  SEASON  OF  YEAR 

There  is  a  marked  seasonal  variation  in  grade-cross- 
ing accidents  as  shown  in  Table  10  and  Figure  1.  Sur- 
veys made  by  the  Bureau  of  Public  Roads  on  the  high- 
ways of  several  eastern  States  have  shown  August  to 
be  the  month  of  maximum  traffic.  Nevertheless,  rural 
grade-crossing  accidents  do  not  reach  their  peak  until 
October,  and  urban  accidents  until  November,  Avith  a 
marked  peak  in  November  for  both  combined.  For 
fatalities  the  maximum  is  reached  in  October.  The 
only  reasonable  explanation  of  this  condition  appears 
to  be  that  people  are  slow  in  adjusting  their  walking 
and  driving  habits  to  meet  the  inclement  winter  weather. 
Slippery  roads,  side  curtains  or  frosty  windows,  rainy 
windshields,  early  darkness,  umbrellas — these  and  other 
factors  doubtless  play  their  part. 

A  relative  increase  in  recent  years  in  the  number  of 
grade-crossing  casualties  occurring  during  the  late  fall 
months  is  perhaps  due  to  improved  roads,  the  more 
general  use  of  closed  cars  and  the  consequent  increasing 
volume  of  winter  traffic.     The  figures  published  by  the 


238 


PUBLIC   KOADS 


Vol.  8,  No.  11 


Table  10. — Grade  crossing  accidents  and  personal  casualties  by 
months,  1926 


Total  1 

Rural 

Urban 

Month 

Num- 
ber of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

Num- 
ber of 
acci- 
dents 

208 
195 
219 
208 
205 
229 
225 
236 
257 
318 
312 
285 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

Num- 
ber of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

444 
436 
435 
409 
432 
436 
414 
441 
463 
624 
666 
608 

178 
163 
170 
152 
186 
204 
222 
187 
214 
287 
255 
247 

511 
519 
517 
473 
532 
602 
527 
516 
557 
736 
813 
704 

98 
105 
118 
101 
113 
131 
135 
128 
146 
185 
154 
156 

248 
216 
230 
208 
240 
264 
306 
247 
314 
363 
370 
300 

236 

241 
216 
200 
227 
206 
189 
204 
206 
305 
354 
323 

80 
58 
52 
51 
73 
73 
87 
59 
68 
102 
101 
91 

263 

February 

303 

March 

287 

April 

264 

May    -- -. 

292 

June -- 

237 

July 

221 

August - 

September - 

October 

Noverr'ier 

Decenioer 

268 
243 
372 
443 
404 

Total 

5,808 

2,465 

6,907 

2,897 

1,570 

3,306 

2,907 

895. 

3,597 

'  Total  includes  four  accidents  not  classified  as  to  rural  or  urban  locality. 
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Fig.  1. — Grade-crossing  Accidents  By  Months  in  1926 

Interstate  Commerce  Commission  show  August  as  the 
month  of  maximum  fatalities  in  1921,  1922,  and  1923, 
November  in  1924,  and  October  in  1925  and  1926. 
For  fatal  and  nonfatal  injuries  combined,  the  peak  was 
reached  during  October  in  1921  and  1922,  during 
November  in  1923,  1924,  and  1926,  and  during  Decem- 
ber in  1925.^ 

GRADE-CROSSING  ACCIDENTS  BY  DAYS  OF  THE  WEEK 

Most  persons,  if  told  that  fewer  grade-crossing 
accidents  occur  on  Sunday  than  on  any  other  day,  would 
express  considerable  surprise.  Such  is  the  fact,  how- 
ever, as  revealed  by  this  study.  In  number  of  accidents 
Saturday  is  far  ahead  of  any  other  day.**  The  statistics 
for  grade-crossing  fatalities,  however,  are  considered 
more  significant  than  those  for  number  of  accidents, 
and  these  tell  a  different  story.  In  fatalities  Sunday 
heads  the  list,  with  Saturday  only  a  close  second.  The 
mortality  per  accident,  therefore,  reaches  its  peak  on 
Sunday.  This  is  the  day  when  the  whole  family  and 
some  of  the  neighbors  crowd  into  the  car  for  a  trip  out 
into  the  country.  The  newspapers  on  Monday  morning 
frequently  report  the  deaths  of  entire  families  at  grade 
crossings. 


^  See  Accident  Bulletin  No.  94,  Bureau  of  Statistics,  Interstate  Commerce  Com- 
mission, p.  18. 

» In  New  York  State  during  1926,  according  to  the  report  of  the  State  bureau  of 
motor  vehicles,  the  maximum  number  of  all  types  of  motor  vehicle  accidents  and 
fatalities  occurred  on  Saturday,  with  Sunday  in  second  place. 


The  number  of  grade-crossing  accidents  and  personal 
casualties  by  days  of  the  week  are  shown  in  Table  11 
and  Figure  2. 

Table   11. — Grade-crossing  accidents  and  personal  casualties  by 
days  of  the  week,  1926 


Total  1 

Rural 

Urban 

Day 

Num- 
ber of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

Num- 
ber of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

Num- 
ber of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

Sunday 

713 
825 
842 
833 
776 
842 
976 

454 
325 
309 
295 
279 
355 
448 

1,029 
919 
948 
904 
850 
942 

1,200 

379 
409 
408 
415 
382 
416 
487 

314 
205 
181 
194 
172 
215 
289 

506 
452 
437 
471 
392 
479 
568 

334 
415 
433 
418 
393 
426 
488 

140 
120 
128 
101 
107 
140 
159 

523 

Monday.            

466 

Tuesday 

510 

Wednesday 

Thursday 

Friday 

493 
457 
516 

Saturday 

632 

Total  2 

5,807 

2,465 

6,852 

2,896 

1,570 

3,305 

2,907 

895 

3,697 

'  Total  includes  four  accidents  iinclas«ifled  as  to  rural  or  urban  locality. 

2  Does  not  include  one  rural  accident  for  which  exact  date  was  not  reported. 
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-Grade-crossing  Accidents  and  Fatalities  By 
Days  of  the  Week,   1926 


The  heavy  toll  on  pleasure  driving  is  shown  even 
more  emphatically  in  the  figures  for  rural  grade-crossing 
accidents  involving  passenger  vehicles  in  the  summer 
months,  in  Table  12  and  Figure  3.  During  September 
and  October  there  were  twice  as  many  fatalities  on 
Sunday  as  on  any  other  day. 

Table  12. — Rural  grade-crossing  accidents  and  fatalities  for 
passenger  autotnobiles  by  days  of  the  week  during  the  summer 
months,  19^6 


Day 

6  months.  May  to 
October,  inclusive 

2  months,  Septem- 
ber and  October 

Number 
of  acci- 
dents 

Persons 
killed 

Number 
of  acci- 
dents 

Persons 
killed 

Sunday _     ... 

181 
137 
138 
144 
137 
146 
195 

190 
70 
62 
71 
69 
73 

119 

80 
44 
50 
50 
67 
60 

97 

Monday .. 

15 

Tuesday 

24 

Wednesday 

28 

Thursday 

31 

Friday 

9R 

Saturday 

76                  44 

Total 

1,078 

654 

417 

265 
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The  curves  for  hourly  fatalities  (not  shown)  closely 
correspond  with  those  for  numbers  of  accidents,  though, 
of  course,  on  a  lower  level. 

Pedestrian  accidents  in  urban  localities  show  a  very 
marked  peak  between  5  and  6  p.  m.,  as  will  be  seen 
in  Figure  5  and  Table  14.  For  passenger  automobiles 
only  in  urban  crossing  accidents  the  peak  is  reached 
between  10  and  lip.  m.,  although  the  fataUties  show 
a  decided  maximum  between  5  and  6  p.  m.  (Fig.  6 
and  Table  14.) 

300 


day  of  week 

Fig.  3. — Rural  Grade-crossing  Accidents  and  Fatalities 
FOR  Passenger  Automobiles  By  Days  of  the  Week 
During  the  Summer  Months,  1926 

The  severity  of  these  Sunday  accidents  is  apparent 
from  the  fact  that  the  number  of  deaths  exceeds  the 
number  of  accidents.  While  these  average  more  than 
one  fatality  per  accident,  passenger-automobile  grade- 
crossing  accidents  throughout  the  year  average  less 
than  1  fatality  for  every  two  accidents." 

GRADE-CROSSING  ACCIDENTS  BY  HOURS 

Published  accident  statistics  show  that  the  danger- 
ous hour  in  traffic  comes  in  the  late  afternoon  when  a 
presumably  fatigued  populace  is  hastening  home  from 
work.  Such  figures,  however,  are  predominantly  from 
city  reports  or  from  the  more  urban  States,  rural  acci- 
dent reporting  being  as  yet  in  a  feeble  but  not  unpromis- 
ing infancy.  It  may,  therefore,  be  significant  that 
while  grade-crossing  accidents  in  general,  and  urban 
grade-crossing  accidents  in  particular,  reach  a  peak 
during  the  hour  between  5  and  6  p.  m.,  rural  grade- 
crossing  accidents  reach  their  peak  between  3  and  4 
p.  m.  The  figures  are  given  in  Table  13,  and  shown 
graphically  in  Figure  4. 

Table  13. — Grade-crossing  accidents  and  personal  casualties  by 
hours,  1926 


Total » 

Rural 

Urban 

Hour 

Num- 
ber of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

Num- 
ber of 
acci- 
dents 

55 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

Num- 
ber of 
acci- 
dents 

Per- 
sons 
killed 

Per- 
sons 
in- 
jured 

12  to  1  a.  m 

15& 

47 

231 

19 

64 

100 

28 

167 

1  to  2a.  m.-- 

112 

25 

174 

44 

16 

65 

68 

9 

109 

2  to3a.  m... 

73 

16 

103 

26 

5 

38 

47 

11 

65 

3  to  4  a.  m 

61 

12 

84 

21 

4 

27 

40 

8 

57 

4  to  5  a.m.      

58 

24 

65 

21 

6 

24 

37 

18 

41 

5  to  6  a  m 

100 

29 

118 

36 

15 

38 

64 

14 

80 

6  to  7a.  m.-- 

211 

70 

254 

81 

37 

92 

130 

33 

162 

7to8a.m-    

260 

92 

284 

137 

62 

160 

123 

30 

124 

8  to  9  a.  m 

271 

119 

287 

152 

81 

167 

119 

38 

120 

9  to  10  a.  m 

288 

131 

286 

166 

84 

171 

121 

47 

114 

10  to  11  a.m.-   ... 

329 

139 

335 

192 

102 

181 

137 

37 

154 

11  to  12  a.  m 

332 

161 

368 

202 

129 

217 

130 

32 

151 

12  to  1  p.  m 

318 

152 

367 

177 

106 

192 

141 

46 

175 

1  to  2  p.  m 

290 

136 

315 

156 

89 

165 

133 

47 

149 

2  to  3  p.  m .- 

326 

179 

341 

195 

138 

202 

131 

41 

139 

3  to  4  p.  m.- 

373 

199 

395 

241 

150 

258 

132 

49 

137 

4  to  5  p.  m 

349 

187 

385 

192 

134 

202 

157 

53 

183 

5  to  6  p.  m 

410 

205 

463 

183 

87 

224 

227 

118 

239 

6  to  7  p.  m - 

341 

141 

396 

161 

90 

191 

180 

51 

205 

7  to  8  p.  m 

282 

115 

350 

123 

64 

148 

159 

51 

202 

8  to9  p.  m 

231 

70 

354 

89 

35 

121 

142 

35 

233 

9  to  10  p.  m 

210 

62 

311 

90 

42 

134 

119 

20 

176 

10  to  11  p.  m 

223 

74 

316 

72 

42 

94 

150 

32 

221 

U  to  12  p.  m 

193 

79 

306 

77 

32 

117 

116 

47 

189 

Hour  not  stated... 

12 

1 

19 

8 

1 

14 

4 

0 

Total- - 

5,808 

2,465 

6,907 

2,897 

1,570 

3,306 

2,907 

895 

3,597 

'  Total  Includes  tour  accidents  not  classified  as  to  rural  or  urban  locality. 
•  See  Table  2. 
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Table  14. — Pedestrian  and  passenger   automobile  accidents  and 
'fatalities  at  urban  crossings,  by  hours,  1926 


Pedestrian  acci- 
dents 

Passenger  auto 
accidents 

Hours 

Number 

of 
accidents 

Persons 
killed 

Number 

of 
accic'ents 

Persons 
killed 

6 

4 

1 

3 

2 

6 

16 

19 

18 

13 

28 

24 

8 

21 

18 

20 

22 

52 

31 

17 

18 

10 

12 

7 

2 

5 
2 
1 
2 
2 
4 
9 
10 
13 
3 
16 
12 
5 
10 
U 
11 
11 
31 
11 
13 
6 
1 

\ 
0 

88 
54 
41 
33 
27 
38 
82 
66 
71 
78 
69 
59 
94 
70 
61 
75 
9fi 
126 
116 
122 
110 
103 
130 
100 
1 

21 

1  to  2am                                

5 

9 

6 

11 

8 

10 

16 

8  to  9  a  m 

20 

33 

12 

11  to  1*^  a  in                               -  

8 

12tolpni                        

33 

27 

2to3pin                        -  -- 

17 

31 

34 

5to6pni                  

66 

28 

ytoSpm                      --     -     --- 

32 

2fi 

9  to  10  p   m                    

18 

26 

39 

0 

378 

197 

1,910^ 

536 

fast  driver  arriving  as  the  limited  express  was  due 
would  have  ample  time  and  space  in  which  to  stop 
safely  under  such  conditions.  And  yet  accidents 
happened  in  1926  at  crossings  answering  practically 
to  this  description.  As  a  rule,  however,  there  are 
buildings  or  other  obstructions  to  clear  visibility 
located,  not  far  from  the  track.  The  illustration 
belo^\■  shows  an  urban  crossing  where  the  view  is  defi- 
nitely cut  off  up  to  a  few  yards  from  the  rails.  Approxi- 
mately 35  trains  pass  this  point  daily,  some  of  them 
fast  expresses.  Two  women  in  an  automobile  were 
killed  here  during  1927. 

There  is  no  standard  or  generally  accepted  definition 
of  what  constitutes  a  reasonable  and  safe  view  at  a 


VISIBILITY  OF  APPROACHING  TRAINS  DISCUSSED 

A  study  was  also  made  of  the  degree  to  which  the 
approaching  train  was  visible  to  the  traveler  on  the 
highway.  Accidents  do  happen  under  the  most 
favorable  conditions  of  visibility — almost  incredible 
accidents  for  which  the  only  reasonable  explanation  is 
sheer  inattention.  Nevertheless,  it  is  equally  certain 
that  many  of  the  mishaps  reported  would  not  have 
occurred  had  the  vehicle  operator  been  able  to  see  the 
approaching  train  a  moment  sooner  than  he  did.  The 
average  motorist  slows  down  when  he  sees  the  railroad 
crossing  sign  ahead,  but  he  is  disinclined  to  stop  until 
he  sees  the  necessity  for  so  doing.  Stopping  and  start- 
ing a  car  causes  a  few  moments  of  delay,  and  calls  for 
a  certain  physical  and  nervous  effort,  especially  when 
the  highway  leads  upgrade  to  the  crossing.  Where 
the  driver  does  not  have  a  clear  view  up  and  down 
the  track  for  some  distance  before  he  reaches  the  rails, 
he  is  apt  to  see  the  train  too  late  for  a  safe  stop  in  the 
distance  left  to  him. 

A  recent  decision  of  the  United  States  Supreme 
Court  '"  places  the  responsibility  for  caution  at  grade 
crossings  squarely  upon  the  motorist  or  other  user  of 
the  highway.  Under  this  decision  the  motorist  is 
expected  to  take  every  care  to  learn  whether  the  way 
is  clear,  even,  when  necessary,  to  the  extent  of  getting 
out  of  his  car  for  a  look  up  and  down  the  track.  Even 
with  the  responsibility  so  definitely  assigned,  however, 
the  improvement  of  visibility  at  grade  crossings  should 
be  as  much  a  part  of  a  highway-safety  program  as  any 
other  measures  designed  to  protect  the  careless  driver 
and  to  expedite  traffic  generally. 

The  ideal  grade  crossing,  as  measured  by  the  criterion 
of  visibility  of  approaching  trains,  would  be  in  the 
center  of  a  wide  open  field.  The  traveler  nearing  it 
from  either  direction  on  the  highway  would  have  a 
clear  view,  beginning  several  hundred  feet  away  and 
continuing  until  he  reached  the  crossing,  of  any  train 
within  a  distance  of  at  least  a  thousand  feet.     Even  a 


"  Baltimore  and  Ohio  Railroad  Co.  r.  Dora  Goodman,  October  31,  1927. 


An  Unprotected  Urban  Crossing.  The  Fixed  Red  Lan- 
terns Give  No  Special  Warning  of  Approaching  Trains. 
This  Was  the  Scene  of  a  Recent  Fatal  Accident 

crossing.  This  probably  explains  why  the  railroad  re- 
ports were  rarely  specific  in  respect  to  the  conditions  of 
visibility.  Where  the  view  was  mentioned  at  all  (and 
there  were  only  3,224  such  reports  altogether)  the  in- 
formation was  usually  limited  to  the  statement  that  the 
view  was  "clear"  or  "good,"  or  that  it  was  obstructed 
in  one  way  or  another.  Some  of  the  reporting  officers 
appeared  to  be  using  the  term  "unobstructed  view"  to 
mean  that  the  traveler  was  able  to  see  the  crossing 
ahead,  without  regard  to  the  visibility  of  any  approach- 
ing train. 

Sometimes  the  viev/  was  described  as  "clear,"  with  a 
following  statement  indicating  that  obstructions  were 
located  perhaps  as  near  as  50  feet  from  the  track.  The 
difficulty  of  bringing  such  reports  to  a  common  basis  is 
apparent.  Some  of  the  roads,  however,  carefully  re- 
ported just  how  far  from  the  crossing,  measured  along 
the  highway,  the  train  would  be  visible  for  a  named  dis- 
tance as  it  approached  on  the  rails.  One  of  the 
smaller  roads  sent  in  with  each  of  its  reports  a  detailed 
blue  print  showing  the  exact  relation  of  highway  to 
railroad,  including  the  grade  of  each,  as  well  as  the  loca- 
tion of  all  buildings,  trees,  and  other  obstructions  to  a 
clear  view.  The  exact  distances  at  which  the  train 
might  be  seen  from  different  points  on  the  highway  were 
also  indicated. 

Table  15  shows  the  result  of  the  analysis  of  the  con- 
ditions of  visibility  at  crossings  where  accidents  oc- 
curred involving  motor  vehicles.  In  relation  to  acci- 
dents involving  slower  vehicles  or  pedestrians,  obstruc- 
tions to  view  are  of  less  unportance  or  play  no  part. 
The  category,  "clear,"  in  this  table  includes  all  those  in- 
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stances  in  which  the  view  was  reported  as  "clear"  or 
"good,"  without  further  qualifications.  It  also  includes 
those  in  which  visibility  was  reported  as  clear  to  at  least 
100  feet  from  the  rails.  Those  classed  as  having  an  ob- 
structed view  are  all  those  at  which  some  obstruction 
was  reported  within  the  100-foot  zone,  as  well  as  those 
for  which  the  distance  of  the  given  obstruction  was  not 
specified.  The  100-foot  limit  was  chosen  as  the  mini- 
mum which  could  be  regarded  as  giving  a  safe  view  at 
modern  highway  speeds.  In  each  case  only  the  most 
important  obstruction  was  tabulated. 

Table   15. — Visibility    of    approaching    trains    in    motor-vehicle 
grade-crossing  accidents,  1926 


Conditions  of  visibility 


Clear 

Obstructed  by  building '_ 

Obstructed  by  vegetation  or  bank. 
Obstructed  by  train  or  railroad  car 

Obstruction  not  stated 

Conditions  not  stated 

Total 


Number  of  accidents 


Total '        Rural        Urban 


1,818 
395 
160 
195 
307 

2,0:i7 


4,962 


1,054 
182 
128 
82 
154 

1.013 


763 
213 
31 
113 
15! 
1,072 


2  613 


2,345 


1  Total  includes  four  accidents  not  classified  as  to  rural  or  urban  locality. 

For  but  117  rural  accidents  and  65  urban  accidents 
was  it  definitely  stated  that  there  was  a  clear  view  of 
the  approaching  train  at  all  points  within  100  feet  of 
the  crossing  in  the  direction  from  which  the  vehicle 
approached.  There  were  doubtless  numerous  other 
crossings  where  this  condition  also  existed  but  was  not 
specifically  reported.  Often,  too,  the  obstruction  to 
view  caused  by  a  building  or  railroad  car,  for  example, 
was  only  partial,  the  vehicle  operator  having  his  view 
cut  off  for  only  a  short  while  after  having  had  a  clear 
view  at  a  safe  distance  previously. 

Most  of  the  instances  of  obstruction  to  view  caused 
by  trains  or  railroad  cars  are  chargeable  to  standing 
freight  cars  on  parallel  tracks,  though  in  occasional 
cases  the  victims  were  reported  to  have  passed  behind 
one  moving  train  into  the  path  of  another.  Often, 
especially  at  urban  crossings,  the  cars  are  only  one 
factor  of  several  which  combine  to  cut  off  the  view, 
but  the  most  serious  because  nearest  to  the  track  of 
the  oncoming  train.  Almost  every  motorist  can  recall 
with  uneasiness  driving  over  some  utterly  blind  cross- 
ing where  a  string  of  box  cars  was  standing  on  a  track 
immediately  adjacent  to  that  on  which  another  train 
might  be  approaching.  Even  when  the  cars  are  some 
distance  from  the  highway  crossing  they  may  constitute 
a  serious  obstruction  to  any  adequate  view. 

TRAIN  VERSUS  AUTOMOBILE 

In  its  published  accident  bulletins,  the  Interstate 
Commerce  Commission  presents  an  analysis  showing 
separately  those  cases  in  which  persons  or  vehicles 
were  struck  by  trains  at  crossings  and  those  in  which 
they  ran  into  the  side  of  trains  which  were  already  on 
the  crossing.  These  figures  are  frequently  quoted, 
usually  as  an  impressive  illustration  of  the  careless- 
ness of  highway  users.  While  it  is  true  that  a  train 
already  occupying  a  crossing  is  not  easily  overlooked, 
is  equally  true  that  some  trains  arrive  on  the  scene 
rather  suddenly.  At  a  mile  a  minute,  a  train  travels 
88  feet  in  a  second.  At  even  moderate  speeds,  the  dif- 
ference of  a  very  small  fraction  of  a  second  may  deter- 


mine whether  an  automobile  is  struck  by  the  engine  or 
whether  it  strikes  the  side  of  the  engine  at  the  pilot 
beam,  the  cylinder,  or  the  drivers.  The  degree  of 
responsibility  for  a  coUision  can  hardly  be  significantly 
attected  by  a  distinction  measured  in  such  brief  inter- 
vals of  time.  On  the  other  hand,  when  a  motorist 
strikes  somewhere  far  back  on  a  long  train,  or  collides 
with  a  standing  or  slowly  moving  car  or  train,  there  is 
reason  to  suspect  excessive  speed,  inattention,  or  other 
lault  on  the  part  of  the  driver. 

Of  the  4,962  accidents  involving  motor  vehicles  here 
tabulated,  1,110  were  reported  as  cases  in  which  the 
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vehicle  ran  into  the  side  of  the  train.  Further  analysis 
reveals  the  fact  that  at  least  513  of  these  collisions 
occurred  when  the  motor  vehicle  struck  the  engine,  or 
the  leading  car  of  a  train  not  preceded  by  an  engine. 
In  only  289  cases  was  it  definitely  reported  that  the 
train  was  struck  somewhere  behind  the  engine  or  lead- 
ing car.  While  this  crude  analysis  takes  no  account  of 
the  speed  of  the  train,  it  will  be  apparent  that  too 
sweeping  conclusions  should  not  be  drawn  from  the 
fact  that  highway  vehicles — and  pedestrians — "  fre- 
quently collide  with  the  sides  of  trains. 

DATA    AS   TO   VEfflCLE    OPERATORS    INADEQUATE 

While  some  of  the  reporting  railroads  were  careful  to 
give  the  age  and  other  personal  facts  concerning 
vehicle  operators  and  pedestrians  involved  in  crossing 
accidents,  the  data  are  far  from  complete.  Even  with 
the  best  of  intentions  it  is  not  always  possible  after  a 
serious  automobile  accident  to  learn  which  of  several 
occupants  was  driving  at  the  time.  In  the  analysis 
here  made,  victims  were  presumed  to  be  adults  unless 
there  was  definite  evidence  to  the  contrary  or  ground 
for  reasonable  doubt.  Children  are  those  reported  as 
such  or  those  whose  ages  were  given  as  under  18  years. 

Without  comparable  data  as  to  the  ratios  of  men, 
women,  and  children  operating  motor  vehicles  on  the 
streets  and  highways,  this  table  can  not  be  used  as  the 
basis  for  any  conclusions  as  to  the  relative  safety  of 
the  different  classes  of  operators.  It  may  be  suggested, 
however,  that  the  50  motor-vehicle  accidents  occurring 
to  child  operators  out  of  a  total  of  4,902  seems  dispro- 
portionately high.  The  larger  proportion  of  child 
operators  in  the  rural  accidents,  too,  is  noticeable,  and 

11  In  25  cases  during  1926. 
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Table  16. — Operators  of  motor  vehicles  and  pedestrians  involved 
in  grade-crossing  accidents,  1926 


Total ' 

Rural 

Urban 

Class 

Motor- 
vehicle 
operators 

Pedes- 
trians 

Motor- 
vehicle 
operators 

Pedes- 
trians 

Motor- 
vehicle 
operators 

Pedes- 
trians 

2,914 

251 

50 

1,747 

330 

128 
59 
18 

1,543 

134 

35 

901 

90 
38 
22 

7 

1,368 

117 

15 

845 

240 

Adult— female 

Child --- 

90 
37 

11 

Total 

4,962 

535 

2,613 

157 

2,345 

378 

1  Total  includes  four  accidents  not  classified  as  to  rural  or  urban  locality. 

is  probably  to  be  attributed  to  the  absence  of  regula- 
tions, or  the  more  liberal  regulations  regarding  the 
licensing  of  operators  in  the  less  urbanized  States, 
together  with  the  laxity  of  enforcement  of  such  regula- 
tions in  the  rural  areas  even  where  they  do  exist. 

One  hundred  and  three  intoxicated  motor-vehicle 
operators  were  reported  and  25  intoxicated  pedestrians. 
It  is  not  surprising  to  discover  that  of  the  103  drivers, 
64  were  listed  as  having  run  into  the  train  and  only  39 
as  having  been  struck  by  the  train.  The  high  pro- 
portion of  the  former  may  be  due  to  the  desire  of  the 
reporting  officers  to  explain  certain  otherwise  inex- 
plicable accidents,  whereas  in  more  ordinary  cases 
intoxication  might  be  passed  over  without  special 
mention. 

Twenty-four  motor-vehicle  operators,  seven  drivers 
of  animals,  and  forty-seven  pedestrians  were  reported 
as  partially  or  totally  deaf.  Of  the  pedestrians  a  very 
considerable  proportion  were  quite  aged  and  sometimes 
of  failing  mentality. 

INFLUENCE  OF  WEATHER  AND  UGHT  DISCUSSED 

The  importance  of  climatic  conditions  and  light  as 
factors  in  the  grade-crossing  accident  rate  can  not  be 
determined  without  a  knowledge  of  the  relative  preva- 
lence of  the  different  sorts  of  weather  and  the  volume 
of  highway  traffic  under  each.  That  unfavorable 
weather  does  bring  more  than  its  share  of  accidents, 
however,  seems  to  be  indicated  by  the  figures  shown  in 
Table  17. 


Table  17. — Weather  and  light  conditions  at  time  of  grade-crossing 
accidents,  1926 


Weather  and  light 


Clear,  daylight 

Cloudy,  daylight- 
Foggy,  daylight.—. 
Raining,  daylight.. 
Snowing,  daylight  _ 

Clear,  dark_ 

Cloudy,  dark 

Foggy,  dark 

Raining,  dark 

Snowing,  dark 


Number  of  accidents 


Total '        Rural        Urban 


3,056 

498 

44 

173 

69 

1,392 

283 

70 

158 

65 


Total  _ 


'5, 


1,696 
281 
32 
102 
36 
620 
114 
36 
S3 
27 


2,897 


1,360 
215 
12 
71 
33 
870 
169 
34 
105 
38 


2,907 


1  Total  includes  four  accidents  not  classified  as  to  rural  or  urban  locality. 
OTHER  CIRCUMSTANCES 

Various  other  details  were  noted  and  recorded  in  the 
course  of  this  inquiry,  some  of  which  in  the  final 
analysis  proved  to  be  either  insignificant,  incomplete, 
or  of  doubtful  accuracy.  A  study  of  the  angle  of  inter- 
section and  the  highway  grade  at  the  crossings,  for 
example,  was  abandoned  for  lack  of  adequate  infor- 
mation in  a  very  large  majority  of  the  reports.  In 
view  of  the  nature  of  grade-crossing  accidents,  too, 
accurate  statements  as  to  the  equipment  and  condition 
of  vehicles  and  the  mental  processes  of  their  operators 
are  sometimes  unobtainable. 

Defective  brakes  were  mentioned  as  contributing 
factors  in  only  51  motor-vehicle  accidents.  Inade- 
quate automobile  headlights  were  reported  in  only  14 
instances. 

Attempts  to  beat  the  train  were  occasionally  re- 
ported, but  usually  only  as  the  opinion  of  the  reporting 
officer.  The  reasons  for  many  of  the  nearly  250  cases 
in  which  the  drivers  apparently  stalled  on  the  crossings 
can  never  be  known.  In  no  case  was  a  motor-vehicle 
operator  said  to  have  been  asleep  at  his  wheel. 

A  question  of  definition  is  raised  by  the  fact  that 
electric  or  gasoline  rail  cars  or  trains  (not  including 
section  motor  cars)  operated  by  the  steam  railroads 
figured  in  157  of  the  accidents.  From  one  viewpoint 
it  can  be  argued  that  these  should  be  segregated  from 
the  other  accidents  on  steam  roads. 
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HIGHWAY  RESEARCH  BOARD  HOLDS  ITS  SEVENTH 

ANNUAL  MEETING 


Reported  by  A.  C.  ROSE,  Associate  Highway 

REPORTS  on  the  year's  progress  in  highway 
research  were  presented  to  a  group  of  investi- 
gators prominent  in  the  field  of  research  at 
the  seventh  annual  meeting  of  the  Highway  Research 
Board  of  the  National  Research  Council.  The  meeting 
was  opened  by  the  presiding  officer,  T.  R.  Agg,  of  Iowa 
State  College,  on  December  1,  at  the  National  Academy 
of  Sciences  Building,  Washington,  D.  C,  and  Vernon 
Kellogg,  permanent  secretary  of  the  National  Research 
Council,  delivered  a  brief  address  of  welcome  to  the 
visiting  delegates  from  the  several  State  highway 
departments,  universities,  and  colleges,  and  the 
industries. 

VALUE  OF  RESEAUCH  DISCUSSED 

Frank  B.  Jewett,  the  retiring  chairman  of  the  divi- 
sion of  engineering  and  industrial  research,  discussed 
the  value  of  scientific  investigation  to  industry  from  a 
retrospective  and  prospective  point  of  view.  Referring 
to  the  necessity  for  a  rigid  control  of  the  variables  as  a 
fundamental  of  all  scientific  research,  the  speaker  stated 
that  there  is  a  tendency  to  draw  conclusions  in  regard 
to  one  factor  without  giving  proper  consideration  to 
the  other  controlling  factors.  In  order  to  reduce  this 
error  to  a  minimum,  the  work  should  be  controlled  so 
that  only  one  factor  in  the  problem  is  a  variable. 
With  two  variables  the  interpretation  of  the  data 
becomes  very  difficult  and  with  three  or  more  varia- 
bles it  is  practically  impossible  to  reach  accurate 
conclusions. 

Research  workers,  continued  Mr.  Jewett,  are  prone 
to  try  initial  experiments  on  too  large  a  scale  before 
the  feasibility  of  the  project  has  been  established  in  a 
small  way.  When  the  large-scale  projects  are  carried 
out  without  the  necessary  preliminary  test  tube  and 
other  work  in  the  laboratory,  it  is  often  difficult  to 
determine  the  exact  reason  why  satisfactory  results 
are  not  obtained.  For  satisfactory  progress  in  re- 
search the  following  routine  procedure  was  advanced 
as  necessary  to  the  solution  of  each  individual  problem: 

1.  Make  a  decision  as  to  the  essentials  of  the  problem. 

2.  Try  out  the  experiment  on  a  laboratory  scale,  with  the 
work  carefully  controlled  so  as  to  eliminate  all  'but  a  single 
factor  in  any  given  experiment. 

3.  If  experimentally  successful  in  the  laboratory,  then  due 
consideration  should  be  given  to  the  transfer  of  the  research  to 
a  larger  scale. 

4.  The  large-scale  test  usually  indicates  that  some  modifica- 
tions are  necessary  before  the  apparatus  may  be  used  commer- 
cially. 

5.  The  next  step  is  to  manufacture  the  tool-made  apparatus 
so  as  to  determine  whether  large-scale  production  may  be  eco- 
nomically feasible. 

It  is  only  after  these  five  routine  operations  have 
been  carried  out  that  research  workers  are  able  to 
broadcast  with  assurance  the  successful  conclusion  of 
an  experiment.  This  method  has  been  in  use  in  the 
telephone  industry  for  the  past  20  years. 

Another  lesson  that  research  workers  are  learning, 
said  Mr.  Jewett,  is  that  an  infinitesimally  small  amount 
of  a  given  chemical  substance  may  produce  stupendous 
changes  in  the  character  of  the  aggregate  material.  As 
an  illustration  of  this  fact,  he  cited  the  successful 
search  some  years  ago  for  an  alloy  that  would  exhibit 
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greater  magnetic  properties  than  any  substance  then 
in  existence.  This  was  found  by  research  to  be  an 
alloy  now  known  as  "permaUoy,"  consisting  of  iron 
and  nickel,  which  showed  magnetic  characteristics  100 
times  greater  than  any  other  known  material.  It  was 
later  discovered  that  one-thousandth  to  one-hundredth 
of  1  per  cent  of  a  certain  so-called  "poisonous"  mate- 
rial would  reduce  the  magnetic  properties  to  10  per 
cent  of  what  they  were  in  the  pure  alloy. 

It  has  also  been  found,  in  connection  with  studies  of 
the  ravages  of  teredos  on  wooden  piles,  that  the  life  of 
concrete  in  sea  water  varies  considerably.  This  varia- 
tion does  not  seem  to  be  due  to  the  character  of  the 
concrete  mixture  but  rather  to  the  chemical  composi- 
tion of  the  aggregate.  Such  experiences  as  these,.  Mr. 
Jewett  said,  have  led  him  to  the  conclusion  that  in 
making  combinations  of  various  materials,  as  is  neces- 
sary in  road-building  operations,  due  consideration 
should  be  given  to  the  chemical  reactions  of  the  aggre- 
gate. 

In  summing  up  his  comments  with  regard  to  research 
in  retrospect,  Mr.  Jewett  emphasized  the  necessity  of 
basing  conclusions: 

1.  On  good  engineering  practice  with  the  experiments  con- 
trolled so  as  to  confine  the  data  to  one  variable. 

2.  On  the  constituents  of  which  engineering  articles  are  con- 
structed. Information  should  be  gathered  concerning  different 
proportions  of  the  individual  components  of  the  aggregate 
material. 

With  regard  to  prospective  research,  viewing  the 
situation  as  a  whole,  Mr.  Jewett  pointed  out  that  pure 
and  applied  science  is  ppducing  a  rapidly  accumulating 
supply  of  knowledge.  The  universities  are  turning 
out  more  and  more  fundamental  information  and  this 
is  one  of  their  two  primary  jobs.  The  other  vital  work 
of  the  higher  institutions  of  learning — as  important  as 
delving  for  facts — is  that  of  supplying  highly  trained 
individuals.  The  research  branches  of  commercial 
organizations  are  appl3nng  the  new  store  of  data  to  the 
solution  of  practical  problems.  For  this  reason  more 
rapid  progress  may  be  expected  in  the  decades  to  come 
than  has  been  possible  in  the  past. 

REPORT  OF  THE  DIRECTOR 

Charles  M.  Upham,  director  of  the  Highway  Re- 
search Board,  presented  a  report  of  activities  during  the 
past  year.  After  giving  a  historical  review  of  the 
National  Research  Council,  beginning  with  its  creation 
in  1916  by  an  Executive  order  of  President  Wilson, 
Mr.  Upham  stated  that  the  Highway  Research  Board 
was  organized  as  a  branch  of  the  national  bod}'  in 
1920,  with  officers  and  six  research  committees. 

Examples  where  industry  has  profited  by  discoveries 
in  pure  science  were  presented  and  in  these  discoveries 
the  chemist  was  an  important  factor.  Analogy  was 
made  between  these  problems  and  the  needed  research 
on  subgrade  clay. 

At  present  there  are  eight  committees,  which  the 
director  reported  are  making  excellent  progress,  but 
more  could  be  done  if  more  ample  funds  were  available. 
He  also  suggests  as  desirable  the  appointment  of  paid 
secretaries  for  each  committee  who  could  devote  their 
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entire  time  to  the  work.  This  suggestion  was  ad- 
vanced, not  to  minimize  the  excellent  work  already 
accomphshed  by  the  chairmen  of  the  existing  com- 
mittees, but  as  a  means  of  obtaining  greater  results. 

MOTOR- VEHICLE  ACCIDENTS  STUDIED 

Austin  B.  Fletcher,  chairman  of  the  committee  on 
causes  and  prevention  of  highway  accidents,  in  his 
introductory  remarks,  preliminary  to  the  reading  of  the 
detailed  papers  by  the  six  members  of  his  committee, 
stated  that  motor-vehicle  accidents  were  increasing 
at  the  rate  of  5  per  cent  a  year,  and  for  this  reason  it 
did  not  seem  necessary  to  emphasize  the  need  of 
highway-safety  precautions.  In  order  to  make  the 
investigations  of  the  committee  as  comprehensive  as 
possible,  there  were  included  in  its  membership  not 
only  highway  engineers  but  also  a  psychologist,  a 
physicist,  and  an  automobile  manufacturer. 

S.  J.  Williams,  director  of  the  public-safety  division 
of  the  National  Safety  Council,  a  member  of  the  com- 
mittee, estimated  mo  tor- vehicle  fatalities  in  1926  at 
2.3,000,  and  stated  that  they  are  growing  at  the  rate  of 
1,000  a  year.  In  the  cities  two-thirds  or  more  of  the 
accidents  involve  pedestrians,  while  on  the  rural  roads 
the  corresponding  proportion  is  one-half.  The  speaker 
stressed  the  need  for  more  accurate  information  con- 
cerning the  causes  of  accidents  since,  unfortunately, 
only  about  six  States  require  systematic  accident 
reports  and  statistics.  To  supply  this  deficiency,  Mr. 
Williams  advocated  the  adoption  of  a  standard  report- 
ing system  that  would  consist  of:  (1)  An  individual 
report  card,  and  (2)  a  tabulation  form  for  summarizing 
the  cards  monthly  and  annually.  For  small  munici- 
palities, tally  sheets  would  be  used,  and  for  large  States 
the  punch-card  system  would  be  more  economical. 

In  trying  to  arrive  at  the  causes  of  accidents  Mr. 
Williams  believes  it  is  a  mistake  to  try  primarily  to  fix 
the  personal  responsibility.  He  thinks  it  a  much  better 
plan  to  collect  data  as  to  the  circumstances  or  facts  in 
each  case  in  order  to  eliminate  the  element  of  personal 
judgment.  He  concludes,  however,  that  the  most 
refined  accident  statistics  are  at  best  only  the  first  step 
in  solving  the  problem,  the  final  solution  of  which 
depends  upon  the  application  of  remedial  measures, 
based  upon  a  scientific  study  of  the  accident  statistics. 

M.  G.  Lloyd,  chief  of  the  safety  section  of  the  United 
States  Bureau  of  Standards,  delivered  a  paper  on  the 
standardization  of  motor-vehicle  equipment  as  a 
means  of  reducing  the  accident  risk.  He  believes  that 
headlight  devices  should  be  regulated  by  the  States  and 
not  by  Federal  or  municipal  authorities. 

The  general  specifications  now  in  use  are  those 
adopted  by  the  Illuminating  Engineering  Society  in 
1920,  and  revised  in  1922.  These  have  also  been 
adopted  by  the  engineering  standards  committee. 
There  are  two  basic  ideas  included  in  these  specifica- 
tions : 

1.  An  attempt  to  avoid  throwing  excessive  light  into  the  eyes 
of  the  driver  of  an  approaching  automobile. 

2.  An  attempt  to  throw  the  maximum  amount  of  light  upon 
the  highway. 

The  defect  in  the  present  regulations  is  that  while 
they  require  adequate  equipment  they  do  not  include 
sufficiently  drastic  regulations  concerning  the  mainte- 
nance of  the  apparatus  in  proper  adjustment.  This 
deficiency,  said  Doctor  Lloyd,  should  be  remedied. 
The  depressible  beams  of  light,  now  being  developed 
commercially,  involve  legal  complications  because  they 
are  in  conflict  with  the  existing  laws  based  upon  fixed- 


beam  lights.  The  adjustment  of  headlights  involves 
two  factors:  (1)  Proper  aiming,  and  (2)  proper  focusing. 
The  speaker  continued  with  a  discussion  of  tail  lights 
and  rear  signaling  lamps  and  concluded  with  a  reference 
to  the  new  code  which  had  been  prepared  for  testing 
and  regulating  brakes.  With  the  four-wheel  brakes 
in  use.  Doctor  Lloyd  believes  the  requirements  relative 
to  stopping  distance  could  be  made  more  severe. 

PSYCHOLOGY  A  FACTOR  IN  ACCIDENT  PREVENTION 

In  delivering  the  third  section  of  the  accident  report. 
Knight  Dunlap,  professor  of  experimental  psychology 
at  Johns  Hopkins  University,  said  that  psychologists 
were  interested  in  the  sense  of  perception  and  the  forma- 
tion of  habits.  It  is  important  in  reducing  accidents 
to  develop  safety  habits  which  become  instinctive. 
The  time  lost  in  thinking  of  the  action  required  is  often 
critical.  Unnecessary  and  misplaced  signs  cause  acci- 
dents not  only  at  the  point  at  which  they  are  situated 
but  also  at  other  locations,  because  they  breed  a 
contempt  of  warning  signs  which  leads  to  the  develop- 
ment of  unsafe  driving  habits. 

In  commenting  upon  the  proper  colors  for  luminous 
signals  and  fixed  signs.  Doctor  Dunlap  stated  that  the 
entire  retina  of  the  eye  is  not  equally  susceptible  to 
color.  For  all  practical  purposes,  the  rapid  discern- 
ment of  color  is  limited  to  the  central  vision.  Yellow 
and  blue  are  excellent  colors  for  this  purpose,  but  the 
generally  used  red  and  green  are  tolerably  satisfactory. 
In  order  to  improve  the  colors  now  generally  accepted, 
the  green  should  be  made  as  blue  as  possible,  and  then, 
if  the  cautionary  yellow  color  could  be  abandoned,  it 
would  be  better  to  shade  the  present  red  into  an  orange- 
red  color. 

With  regard  to  refusing  licenses  to  color-blind  people, 
the  speaker  said  it  is  impracticable  to  solve  the  problem 
by  refusing  to  issue  licenses.  Color-blind  persons  with 
some  preliminary  training  can  pass  a  casual  examina- 
tion and  only  a  thorough  investigation  by  a  highly 
trained  physician  or  psychologist  can  detect  vision 
defective  in  regard  to  color.  Furthermore,  normal 
persons,  when  under  the  strain  of  an  examination,  have 
their  color  sense  sometimes  temporarily   disturbed. 

John  C  Long,  secretary  of  the  street-traffic  commit- 
tee of  the  National  Automobile  Chamber  of  Commerce, 
gave  a  report  of  a  study  limited  to  motor-truck  acci- 
dents in  Hartford.  Conn.,  during  the  period  of  January 
1  to  30,  1927.  All  accidents  involving  property  damage 
of  $10  or  more  were  included.  The  conclusions  show 
that  drivers  were  at  fault  in  57  per  cent  of  the  cases. 
Difficulty  was  experienced  in  obtaining  information 
because  of  the  fear  of  unfavorable  publicity  on  the  part 
of  the  m&tor-truck  owners.  This  difficulty  was  re- 
moved when  it  was  explained  that  the  aim  was  not  to 
fix  personal  responsibility  but  to  determine  the  causes 
of  accidents  and  to  reduce  these  by  adequate  instruction 
in  a  motor-truck  drivers'  school. 

A.  N.  Johnson,  dean  of  the  University  of  Maryland, 
showed  lantern  slides  giving  the  results  of  a  method 
used  for  measuring  the  relative  efiiciency  of  traffic  flow 
through  street  intersections  under  various  conditions 
of  control,  such  as  traffic  lights  and  police  officers.  The 
speaker  believed  that  the  flow  of  traffic  through  street 
intersections  is  a  fundamental  consideration  both  with 
respect  to  safety  and  to  the  speeding  up  of  traffic. 

W.  G.  Eliot,  3d,  of  the  Bureau  of  PubUc  Roads, 
concluded  the  accident  reports  with  a  statistical  study 
of  the  number  of  grade-crossing  accidents  in  the 
United  States.     The  data  indicated  that  grade  cross- 
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mgs  are  responsible  for  10  per  cent  of  all  motor-vehicle 
fatalities,  but  only  1  per  cent  of  the  total  injuries. 
The  number  of  rural  and  urban  grade-crossing  acci- 
dents are  almost  equal,  but  65  per  cent  of  the  fatalities 
are  rural.  One  explanation  of  this  is  the  slower  speed 
of  trains  in  cities.  Mr.  Eliot  estimates  that  only  40 
per  cent  of  traffic  accidents  of  all  kinds  occur  on  rural 
highways,  and  that  grade-crossing  accidents  represent 
16  per  cent  of  the  total  on  rural  roads. 

PROGRESS   MADE  IN   VARIOUS   STUDIES   RELATING    TO   VEHICLE 
OPERATION 

Professor  Agg,  the  chairman  of  the  committee  on 
economic  theory  of  highway  improvement,  in  sum- 
marizing the  reports  of  individual  members  of  the 
committee,  stated  that  the  paper  on  the  measurement 
of  tractive  resistance,  although  not  perhaps  a  final 
report,  may  be  considered  to  represent  the  completion 
of  the  project.  Roughly,  the  report  dealt  with  four 
factors:  (1)  Rolling  resistance,  influenced  by  the 
condition  and  kind  of  tire;  (2)  impact,  as  affected  by 
the  distortion  or  character  of  the  road  surface;  (3)  air 
resistance;  and  (4)  the  coefficient  of  friction  between 
the  tire  and  the  roadway  surface. 

Relative  to  the  progress  report  on  the  cost  of  opera- 
tion of  automobiles,  Professor  Agg  stated  that  the 
records  show  lower  costs  per  mile  as  compared  with 
figures  obtained  four  or  five  years  ago.  This  was  be- 
lieved to  be  caused  by  the  greater  distance  traveled 
annually  by  the  average  driver  and  also  to  the  improved 
character  of  motor  vehicles. 

It  was  announced  that  the  report  on  the  effect  of 
roadway  surface  on  tire  wear  was  not  ready  for  presenta- 
tion but  that  it  was  expected  to  be  completed  in  time 
to  be  made  a  part  of  the  printed  proceedings. 

Professor  Agg  referred  to  studies  his  committee  has 
made  on  the  contribution  of  common-carrier  busses  to 
State-road  funds.  The  information  so  far  tabulated 
had  been  obtained  from  the  records  of  the  public  service 
commissions  of  Michigan  and  Iowa.  In  Iowa  the  con- 
tribution of  the  motor  bus  per  ton-mile  is  decidedly 
greater  than  that  of  privately-owned  automobiles.  In 
Michigan  the  reverse  is  true.  The  committee  will  at- 
tempt to  determine  the  proper  contribution. 

L.  E.  Conrad  of  Kansas  State  Agricultural  College 
delivered  his  report  on  wind  resistance  to  motor  ve- 
hicles. In  summarizing  available  information  on  the 
subject,  he  pointed  out  that  only  three  investigations 
are  known  to  have  been  made  in  the  United  States, 
those  of:  (1)  The  United  States  Bureau  of  Standards; 
(2)  the  engineering  experiment  station  of  Kansas  Agri- 
cultural College;  and  (3)  the  engineering  experiment 
station  of  Iowa  State  College.  Some  work  has  also 
been  done  along  similar  lines  in  Germany. 

Professor  Conrad  concludes  that  for  a  straight  head 
wind  the  resistance  for  ordinary  passenger  cars  may  be 
considered  as  0.0025  F^  pounds  per  square  foot  of  pro- 
jected area.  In  this  formula  Fis  equal  to  the  velocity 
of  the  automobile  in  miles  per  hour.  He  beheves  that 
an  even  exponent  of  F  wUl  serve  as  well  as  a  fractional 
one  for  all  practical  purposes.  Studies  are  to  be  con- 
tinued on  the  effect  of  side  and  quartering  wind. 

H.  B.  Shaw,  of  North  Carolina  State  College,  gave 
a  resume  of  research  on  tractive  resistance.  An 
attempt  is  being  made  to  formulate  a  practical  theory 
based  upon  the  results  of  outstanding  studies.  As  an 
interesting  side  light  he  recalled  that  Sir  Isaac  Newton, 
years  ago,  developed  theoretically  a  value  for  air 
resistance  that  has  since  been  confirmed  experimentally. 


The  present  experiments  indicate  that  tire  displace- 
ment resistance  decreases  with  increased  air  pressure 
in  the  tire  which  results  from  the  heating  which  takes 
place  when  a  vehicle  is  in  motion.  Tire  displacement 
has  been  found  to  increase  at  a  greater  rate  than  the 
increase  of  the  weight  on  the  tu-e. 

MANY  PHASES  OF  STRUCTURAL  DESIGN  OF  ROADS  STUDIED 

A.  T.  Goldbeck,  of  the  National  Crushed  Stone 
Association,  chairman  of  the  committee  on  structural 
design  of  roads,  because  of  the  limited  time,  summa- 
rized the  reports  of  the  members  of  his  committee. 
These  papers  covered  19  subjects.  With  regard  to  the 
loads  on  highways  the  speaker  stated  that  with  the 
same  total  load  the  rear  wheels  of  four-wheel  trucks 
transmit  twice  as  much  load  to  the  pavement  as  either 
pair  of  rear  wheels  of  the  six-wheel  truck. 

The  report  on  subgrade  studies  outlined  methods  of 
soil  identification  from  known  proportions  of  the  sepa- 
rates of  sand,  silt,  and  clay.  The  slaking  value  test 
was  mentioned  as  indicating  the  susceptibility  of  soil 
to  erosion.  A  simple  percolation  test  was  considered 
to  be  adequate  to  determine  those  soils  which  might 
be  drained  with  tile.  The  report  continued  with  a 
discussion  of  the  behavior  of  subgrade  soils  when  sub- 
jected to  various  moisture  conditions.  Granular  sub- 
bases  were  mentioned  as  an  efficacious  method  of 
compensating  undesirable  subgrades.  The  studies  of 
landslides,  and  the  sand-clay,  gravel,  and  top  soil  sur- 
faces of  the  Southern  States  were  outlined. 

A  rough  practical  rule  given  for  the  construction  of 
bituminous  macadam  surfaces  was  that  the  depth  of 
the  surface  course  in  inches  should  be  equal  to  the 
maximum  size  of  stone  in  the  surface  course,  and  the 
number  of  gallons  of  bitumen  per  square  yard  of  sur- 
face might  be  estimated  at  the  same  numerical  figure. 
Thus  for  a  l3^-inch  surface  course,  the  maximum  size 
of  stone  would  be  1^/2  inches,  and  there  would  be  re- 
quired 13^  gallons  of  bitumen  per  square  yard. 

With  respect  to  the  design  of  concrete  pavements,  the 
speaker  stated  that  this  is  affected  by  the  character  and 
condition  of  the  subgrade,  and  that  the  latter  must  be 
evaluated  in  order  to  make  possible  a  more  accurate 
cross  section.  The  maximum  wheel  load  is  now  recog- 
nized as  causing  the  stress  for  which  the  pavement  must 
be  designed.  There  is  a  noticeable  tendency  on  the 
part  of  highway  engineers  to  reduce  the  size  of  concrete 
pavement  slabs  with  longitudinal  and  transverse  joints. 

Mr.  Goldbeck  concluded  his  summary  with  com- 
ments concerning  reinforcing  and  curing  of  concrete 
pavements,  and  methods  of  constructing  brick  pave- 
ments. 

In  a  general  discussion  of  the  report  ot  the  committee 
on  structural  design  of  roads,  C.  H.  Moorefield,  State 
highway  engineer  of  South  Carolina,  stressed  the 
importance  of  considering  the  subgrade  and  emphasized 
the  need  of  further  knowledge  of  subgrade  soils  and 
their  behavior  as  a  prerequisite  to  adequate  pavement 
design. 

REPORT  OF   COMMITTEE  ON   CHARACTER   AND   USE  OF  ROAD 
MATERIALS 

The  report  of  the  committee  on  character  and  use  of 
road  materials  was  presented  by  the  chairman — H.  S. 
Mattimore  of  the  Pennsylvania  State  highway  depart- 
ment. The  paper  discussed  six  factors  in  the  control 
of  the  construction  of  concrete  pavements:  (1)  Retest- 
tng   of   cement   stored    over    three   months;    (2)    fine 
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aggregate;  (3)  coarse  aggregate;  (4)  proportioning  of 
materials;  (5)  curing  the  finished  pavement;  and 
(6)  tests  of  the  finished  pavement. 

The  quantity  of  Portland  cement  used,  said  the 
speaker,  should  be  carefully  checked  at  the  plant,  on 
the  job,  and  by  counting  the  empty  sacks.  With 
regard  to  fine  aggregates,  uniformity,  durability,  and  a 
uniform  degree  of  hardness  and  toughness,  are  desir- 
able. Stone  screenings  contain  too  much  dust  for 
satisfactory  use  as  concrete  aggregate.  They  also 
make  it  more  difficult  to  finish  the  pavement.  »Seven 
theories  of  designing  concrete  mixtures  were  discussed. 

In  commenting  on  the  recently  developed  methods  for 
curing  concrete  pavements,  using  such  materials  as 
calcium  chloride,  sodium  silicate,  and  bitumen  as  a 
seal  coat,  Mr.  Mattimorc  stated  that  all  of  these,  from 
an  economic  standpoint,  are  superior  to  the  customary 
water-curing  method.  The  new  methods,  however, 
have  a  number  of  disadvantages  in  their  practical 
application.  Reports  indicate  that  calcium  chloride 
may  not  be  desirable  for  surface  curing  because  of  exces- 
sive scaling  of  the  pavement  surface.  As  an  admixture 
the  success  of  calcium  chloride  depends  on  atmospheric 
conditions.  In  the  Northern  States,  under  average 
conditions  of  temperature  and  humidity,  it  is  possible 
to  obtain  good  average  concrete  with  a  calcium  chloride 
admixture.  In  the  successful  use  of  seal  coats,  the 
character  of  the  subgrade,  whether  porous  or  impervious 
is  an  important  factor. 

Discussing  tests  of  finished  pavements,  Mr.  Matti- 
more  stated  that  three  methods  are  in  general  use: 
(1)  A  compression  test  on  specimens  made  and  partially 
cured  in  the  field;  (2)  a  compression  test  on  cores 
drilled  from  the  finished  pavement;  and  (3)  a  transverse 
beam  test  on  specimens  made  and  cured  in  the  field. 
Although  the  prevailing  practice  has  been  to  keep  con- 
crete pavements  closed  for  three  weeks,  the  indications 
are  that  it  is  better  practice  to  vary  the  time  according 
to  the  results  of  tests.  Up  to  the  present  time  the  pro- 
cedure for  making  the  field  transverse  test  has  never 
been  standardized  so  as  to  produce  comparable  results 
by  different  observers. 

P.  J.  Freeman  of  the  Allegheny  County  department  of 
public  works,  in  Pennsylvania,  discussed  the  practical 
aspects  of  Mr.  Mattimore's  report.  He  believed  that 
not  enough  attention  has  been  paid  to  the  weight  of 
the  bagged  cement  at  the  mill.  In  some  cases  obser- 
vations show  a  difference  of  13  per  cent  between  the 
high  and  low  weight.  Careful  consideration  should  be 
given  the  proposed  plan  of  proportioning  the  cement 
by  weight.  With  regard  to  the  bulking  of  sand,  it  is 
not  a  difficult  matter  to  determine  the  percentage  of 
moisture  in  the  field.  The  weighing  and  inundation 
methods  seemed  to  be  the  simplest  yet  devised. 

Referring  to  the  committee's  recommendations  rela- 
tive to  the  sampling  of  coarse  aggregate,  he  diff'erenti- 
ated  between  the  purposes  of  the  sampling.  If  it  is  de- 
sired to  determine  the  average  quality  of  coarse  aggre- 
gate, say  on  a  barge,  then  the  suggested  method  is 
satisfactory,  but  where  it  is  desired  to  determine  whether 
one  end  of  a  pile  is  badly  segregated,  then  a  method 
other  than  that  proposed  by  the  committee  would 
have  to  be  used. 

With  reference  to  sampling,  proportioning  and  design 
of  concrete  mixtures,  Mr.  Freeman  believes  that  more 
attention  should  be  given  to  prevention  of  segregation 
of  aggregate.  To  accomplish  this,  ffat  rather  than 
conical  piles  should  be  used. 


Referring  to  the  proposed  method  of  proportioning 
concrete  by  combining  definite  weights  of  the  several 
constituent  materials,  the  speaker  believes  that  nothing 
more  elaborate  is  being  advocated  than  what  has  been 
in  use  for  years  in  the  construction  of  bituminous 
pavements. 

Mr.  Freeman  emphasized  the  urgency  of  placing  wet 
burlap  on  the  concrete  as  soon  as  possible  for  curing. 
He  fears  that  too  much  time  is  being  spent  on  finishing. 
Stating  also  that  excessive  checking  is  caused  by  too 
early  beltmg,  he  believes  there  is  a  happy  medium  of 
time  and  that  more  research  is  needed  concerning  this 
factor. 

Calling  attention  to  the  present  methods  of  testing 
the  finished  pavement,  he  stated  his  belief  that  it  is 
illogical  to  close  pavements  for  a  standard  time  of  three 
weeks  in  July  and  November,  because  of  the  widely 
different  weather  conditions.  Some  of  the  concrete 
pavements  in  Allegheny  County,  laid  in  the  summer, 
have  been  opened  successfully  in  three  days,  while 
other  projects,  built  late  in  the  fall,  have  not  been 
opened  until  the  following  spring.  For  the  traffic  in 
Allegheny  County  Mr.  Freeman  believes  that  a  modulus 
of  rupture  of  500  pounds  per  square  inch,  as  determined 
l)y  the  beam  test,  gives  an  ample  factor  of  safety. 

D.  A.  Abrams,  acting  as  presiding  officer  at  the 
morning  session  on  December  2,  introduced  A.  J. 
Brosseau,  who  spoke  on  highway  finance.  The  speaker 
analyzed  the  aggregate  Federal  expenditures  and 
showed  the  relation  thereto  of  the  Federal  highway 
disbursements.  The  Federal  road  expenditures  were 
shown  to  be  less  than  8  per  cent  of  the  entire  rural 
highway  bill.  Mr.  Brosseau  believes  that  our  national 
highway  finance  structure  is  sound,  necessary,  and 
profitable. 

In  discussing  Mr.  Brosseau's  paper,  Professor  Agg 
called  attention  to  a  new  problem  that  is  arising  in 
highway  finance.  His  studies  indicate  that,  in  some 
instances,  municipalities  are  requesting  that  a  portion 
of  the  gasoline  tax  be  prorated  to  them  for  the  con- 
struction and  maintenance  of  the  city  streets.  The 
city  argument  is  that  their  motor-vehicle  users  are 
paying  for  a  large  part  of  the  cost  of  rural  roads,  for 
which  they  are  not  receiving  an  equitable  return. 
Professor  Agg  pointed  out  that  if  the  gasoline  taxes  are 
returned  to  the  cities  the  tendency  will  be  to  dissipate 
the  funds  which  are  now  being  used  through  a  central 
State  agency  to  secure  maximum  results  on  the  rural 
roads.  In  discussing  this  point,  J.  G.  McKay,  of  the 
Bureau  of  Public  Roads,  presented  some  conclusive 
arguments.  He  stated  that  traffic  surveys  of  the 
bureau  indicate  that  80  to  90  per  cent  of  the  rural- 
road  traffic  and  the  bulk  of  the  heavy-truck  traffic 
originate  within  city  limits.  It  is,  therefore,  logical 
that  the  city  motor-vehicle  owners  should  bear  the 
bulk  of  the  cost  of  the  rural  roads.  He  also  added  that 
there  is  no  reason  why  the  rural  land  owner  should 
pay  for  any  considerable  portion  of  the  through  trunk 
roads  because  land  values  in  the  strictly  rural  areas 
are  not  increased  to  a  large  extent  by  this  kind  of  road 
development. 

REPORT  OF  COMMITTEE  ON  HIGHWAY  TRAFFIC 

G.  E.  Hamlin,  of  the  Connecticut  State  Highway 
Commission,  as  chairman,  introduced  the  individual 
reports  of  the  committee  on  highway  traffic.  He  stated 
that  highways  should  be  classified  with  respect  to  their 
weight-carrying  capacity,  and  that  there  is  an  urgent 
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need  for  establishing  adequate  rights  of  way  in  con- 
gested rural  areas.  Computations  were  presented  show- 
ing that  the  maximum  capacity  of  a  single-lane  road 
amounting  to  1,969  motor  vehicles  per  hour  occurs  at 
a  speed  of  22  miles.  The  maximum  capacity  of  a 
two-lane  road  with  mixed  speeds  is  somewhat  less  than 
twice  that  of  the  single-lane  road.  He  outlined  the 
effect  of  overcrowding  a  two-lane  road  and  showed  the 
magnitude  of  the  time  losses  at  grade  crossings  and  in 
small  villages.  The  precautionary  stop  of  a  motor 
vehicle  at  a  grade  crossing  was  said  to  average  seven 
and  one-half  to  eight  seconds.  A  comparison  was  made 
of  the  time  consumed  on  by-pass  or  belt  routes  around 
centers  of  population,  as  contrasted  with  through  roads. 
Forecasting  the  future  development  of  traffic  the 
speaker  saw  an  increase  in  the  use  of  six-wheel  trucks. 

J.  G.  McKay,  of  the  Bureau  of  Public  Roads,  as  a 
member  of  the  committee,  gave  a  description  of  the  new 
traffic-flow  recording  device  now  being  used  by  the 
bureau  in  the  traffic  studies  in  the  Cleveland  metropoli- 
tan area.  An  attempt  is  being  made  to  determine  the 
traffic  capacity  of  various  widths  of  roads  as  well  as  the 
preferential  speed  for  various  densities  of  traffic. 

A.  N.  Johnson  showed  lantern  sHdes  of  the  airplane 
pictures  taken  during  the  traffic  study  on  the  Wash- 
ington-Baltimore boulevard.  The  pictures  were  taken 
at  an  elevation  of  3,600  feet  and  showed  a  strip  of 
land  2,000  feet  on  each  side  of  the  road. 

H.  J.  Kirk  of  the  Oliio  State  Highway  Department 
gave  a  description  of  a  traffic  speed  recorder  which 
had  recently  been  manufactured  by  a  firm  in  Dayton, 
Oliio.  The  variations  in  speed  of  a  motor  vehicle  are 
shown  by  variation  in  the  slope  of  a  graph  made  upon 
paper  mounted  upon  revolving  cylinders.  The  device 
has  been  used  on  delivery  wagons  to  determine  if 
drivers  are  making  the  rounds  on  a  regular  schedule 
and  may  be  useful  in  traffic  flow  studies. 

Discussing  the  report  of  the  committee  on  highway 
traffic,  W.  G.  Sloan,  State  liighway  engineer  of  New 
Jersey,  stated  that  traffic  studies  are  vital  to  the  solu- 
tion of  the  highway  transportation  problem.  Basing 
his  remarks  upon  traffic  surveys  made  in  New  Jersey, 
he  estimates  a  200  per  cent  increase  in  traffic  in  1932, 
as  compared  with  1923.  Traffic  surveys  and  gasoline 
consumed  indicate  that  the  annual  mileage  traveled 
by  automobiles  is  increasing  more  rapidly  than  the 
motor-vehicle  registration.  A  graph  prepared  by  the 
New  Jersey  department  shows  1,600  vehicles  as  the 
maximum  capacity  of  a  single-traffic  lane  at  22  miles 
per  hour,  while  the  curve  of  the  committee  indicates 
1,969  vehicles.  The  speaker  emphasized  the  economic 
loss  caused  by  the  interruption  to  the  flow  of  traffic 
at  grade  crossings  in  addition  to  the  loss  due  to  acci- 
dents and  fatalities. 

SELLING  RESEARCH  TO  THE  PUBLIC 

Maurice  Holland,  director  of  the  division  of  engineer- 
ing and  industrial  research,  gave  an  address  on  the 
subject  of  selling  research  to  the  public,  or,  as  he  ex- 
pressed it,  maldng  the  public  research  conscious. 
There  are  at  present  1,000  research  laboratories  in  the 
country  and  this  is  an  increase  of  almost  100  per  cent 
in  six  years.  Stating  that  a  man's  success  in  business 
is  in  direct  proportion  to  his  ability  to  sell  his  services, 
he  believes  that  until  research  can  be  translated  into 
the  language  of  the  man  on  the  street,  we  can  not  expect 
to  obtain  general  attention.     Lindbergh's  flight  was 


an  example  of  the  popularization  of  science,  and  to-day, 
as  a  result,  117  airplane  factories  in  this  country  are 
running  behind  their  production  schedule. 

The  speaker  said  that  the  results  of  research  must  be 
made  apparent  and  that  proper  showmanship  is  neces- 
sary to  popularize  the  message.  He  referred  to  Pas- 
teur as  a  master  showman  in  reporting  his  studies  to 
the  French  Academy,  before  whom  he  demonstrated 
the  effects  of  hving  anthrax  germs. 

Speaking  of  the  four  mediums  for  reaching  the  public, 
he  said  that  with  the  spoken  word,  in  lecture  form,  only 
the  attention  of  a  few  hundred  people  at  best  could  be 
held.  With  articles  written  in  trade  journals  6,000  to 
60,000  people  could  be  reached.  He  mentioned  the 
motion  picture  as  an  untried  medium  from  a  research 
standpoint,  and  added  that  one  weekly  news  reel 
reaches  12,000,000.  The  speaker  beheves  the  radio  the 
least  expensive  and  most  effective  means  of  disseminat- 
ing public  information.  One  broadcasting  station  in 
New  York  City  reaches  four  or  five  milhon  people  nightly. 

CULVERT  INVESTIGATION  REPORTED 

R.  W.  Crum,  of  Iowa  State  College,  as  chairman, 
presented  the  report  of  the  committee  on  culvert  in- 
vestigations. Little  additional  field  work  had  been 
done  during  the  past  year,  but  study  had  been  made  of 
previously  collected  data.  Two  general  classes  of  cul- 
verts were  considered:  The  rigid,  such  as  concrete, 
vitrified  tile,  and  cast  iron;  and  the  flexible,  such  as 
corrugated  metal.  It  is  difficult  to  rate  the  relative 
condition  of  rigid-type  culverts  since  progressive  de- 
terioration is  not  indicated.  With  corrugated  metal, 
however,  the  progressive  deterioration  could  be  deter- 
mined. The  committee,  therefore,  suggests  a  rating 
method  for  corrugated-iron  culverts.  In  this  rating, 
three  stages  of  deterioration  in  the  ordinary  life  of 
culverts  are  recognized:  (1)  Invisible,  (2)  visible,  and 
(3)  unsafe.  The  end  point  of  the  life  of  the  culvert  is 
used  for  comparison,  and  this.is  based  upon  the  deteri- 
oration of  the  metal  in  the  culvert. 

W.  H.  Root,  of  the  Iowa  State  Highway  Commission, 
chairman  of  the  committee  on  maintenance,  presented 
a  summary  of  the  studies  made  of  recent  developments 
in  road  maintenance.  C.  P.  Owens,  of  the  Missouri 
State  Highway  Commission,  led  the  general  discussion 
of  the  paper  which  closed  the  morning  session. 

PROGRESS  MADE  IN  LOW-COST  ROAD  INVESTIGATION 

At  the  afternoon  session  C.  N.  Conner,  chairman  of 
the  committee  on  low-cost  road  improvement,  gave  a 
detailed  study  of  the  construction  practices  determined 
by  field  inspections  in  23  States.  The  work  of  the 
committee  has  been  financed  by  the  American  Road 
Builders'  Association  and  T.  Coleman  du  Pont.  The 
purpose  of  the  study  is  to  assist  those  engaged  in  the 
construction  of  this  type  of  road.  Studies  of  typical 
cross-sections  in  26  States  were  shown  with  lantern 
slides.  The  low-cost  roads  studied  have  an  average 
traffic  of  600  and  a  maximum  of  1,500  per  day.  The 
survey  has  been  limited  to  untreated  surfaces  costmg 
less  than  $10,000  a  mile  and  surface  treatments  costing 
less  than  $6,000  a  mile.  The  report  presented  was  a 
digest  of  the  fuU  report  which  contains  60,000  words. 

H.  J.  Kirk,  of  the  Ohio  State  Highway  Department, 
followed  with  a  discussion  of  untreated  traffic-bound 
types  of  low-cost  roads. 
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C.  A.  Hogentogler,  of  the  Bureau  of  Public  Roads, 
presented  a  report  on  subgrades  and  soils,  indicating 
their  relation  to  the  low-cost  road  problem.  The 
subgrade  soil  observer  attempts  to  determine  where 
rigid  or  flexible  road  surfaces  may  be  laid.  The  surest 
subgrade  treatment  was  believed  to  consist  of  a  granular 
subbase  compacted  under  traffic. 

N.  S.  Anderson,  of  the  South  Carolina  State  Highway 
Department,  described  the  surface  treatment  of  main 
highways  with  topsoil  and  selected  earth.  For  bitumi- 
nous surface  treatment,  the  base  should  be  sufficiently 
porous  to  permit  the  tar  prime  coat  to  penetrate  one- 
fourth  inch.  Excessive  mica  in  the  material  makes  the 
base  unstable. 

W.  R.  Neel,  of  the  Georgia  State  Highway  Depart- 
ment, described  untreated  surfaces  of  sand-clay,  chert, 
and  gravel.  He  discussed  the  materials,  methods  of 
construction,  cost  of  construction  and  maintenance, 
serviceability  and  salvage  value.  The  average  cost  of 
sand-clay  roads  in  Georgia  is  $1,650  a  mile  and  the  aver- 
age annual  maintenance  costs  $170  per  mile.  These 
roads  are  serviceable  for  400  vehicles  a  day  or  less. 
For  this  amount  of  traffic  the  annual  loss  of  surfacing 
material  is  one  inch  of  depth.  The  sand-clay  road  is 
of  great  value  as  the  first  step  in  stage  construction  for 
stabilizing  subgrades. 

Chert  construction  costs  up  to  $7,000  a  mile  and 
carries  up  to  1,000  vehicles  a  day.  The  average  annual 
loss  in  depth  is  one-half  inch. 

On  gravel  roads,  the  traffic  should  not  exceed  1,000 
vehicles  a  day.  The  average  annual  maintenance  cost 
is  $200  a  mile.  The  average  annual  loss  in  depth  is 
three-fourths  of  an  inch. 

The  Georgia  State  Highway  Department  has  co- 
operated with  Doctor  Strahan,  of  the  University  of 
Georgia,  in  an  extensive  study  of  low-cost  roads  which 
has  recently  been  completed. 

J.  T.  Pauls,  of  the  Bureau  of  Public  Roads,  presentei 
a  report  on  mixed-in-place  surfaces,  using  local  topsoil 
and  gravel  aggregates  and  tar  or  asphalt.  The  mainte- 
nence  costs  of  untreated  roads  are  excessive  for  a 
traffic  greater  than  four  to  five  hundred  vehicles  a 
day  and  resort  is  being  had  to  various  bituminous 
materials.  Preluninary  studies  have  been  carried  on 
in  several  States.  To  obtain  good  results  with  this 
type,  correct  maintenance  is  as  necessary  as  first-class 
construction. 


V.  R.  Burton,  of  Michigan,  presented  a  paper  on 
mixed-in-place  surfaces  of  stone  or  gravel  and  fuel  oil, 
prepared  by  C.  L.  McKesson,  of  the  California  State 
Highway  Commission.  This  paper  was  in  the  nature 
of  a  discussion  of  Mr.  Conner's  paper.  Mr.  McKesson 
believes  that  untreated  rock  and  gravel  surfaces  can 
not  be  justifiably  termed  low-cost  roads  when  all  the 
dependent  costs  are  considered,  such  as  maintenance, 
replacement,  interest  on  first  cost,  excessive  tire  wear, 
motor-vehicle  depreciation,  and  gasoline  expenditures. 
Bituminous  treatments  according  to  recent  California 
and  Oregon  practice  are  believed  to  so  reduce  these 
costs  that  the  resulting  surface  might  be  classed  as  a 
low-cost  road.  Mr.  McKesson  had  just  returned  from 
a  trip  abroad  and  it  is  his  impression  that  European 
highway  engineers  agree  that  untreated  gravel  or  stone 
roads  are  no  longer  economical. 

B.  E.  Gray,  of  the  West  Virginia  State  Road  Commis- 
sion, illustrated  his  paper  on  the  use  of  soft  stone  in  the 
construction  of  puddle  macadam  with  a  number  of 
lantern  slides.  The  construction  of  the  soft  sandstone 
surfaces  was  said  to  range  in  cost  between  waterbound 
and  penetration  macadam.  The  annual  maintenance 
costs,  for  traffic  not  exceeding  800  vehicles  per  day, 
does  not  exceed  $200  to  $300  per  mile. 

W.  A.  Van  Duzer,  of  the  Pennsylvania  State  High- 
way Department,  discussed  maintenance  methods  and 
equipment,  referring  to  the  maintenance  organization 
of  his  State. 

J.  G.  McKay,  chief  of  the  division  of  highway  trans- 
portation and  economics  of  the  Bureau  of  Public  Roads, 
presented  a  paper  on  traffic  capacity  and  service  of 
low-cost  roads.  He  stated  that  the  life  costs  of  low, 
middle,  and  high-class  surfaces  must  be  determined 
before  an  intelligent  selection  of  types  may  be  made. 
Referring  to  the  large  mileages  of  low-type  roads  in  the 
country,  he  stated  that  traffic  studies  of  the  bureau 
indicate  that  even  in  the  densely  populated  State  of 
Ohio,  70  per  cent  of  the  State  highway  system  carries 
less  than  600  vehicles  a  day.  In  both  Pennsylvania 
and  Vermont,  70  per  cent  of  the  primary  road  systems 
show  an  average  daily  traffic  of  600  vehicles  or  less. 
With  regard  to  the  maximum  wheel  loads  of  trucks,  the 
speaker  believes  that  a  7,500-pound  load  per  wheel 
will  cover  the  maxuniun  loading  on  75  per  cent  of  the 
State  systems.  Less  than  1  per  cent  of  the  Pennsyl- 
vania State  highway  system  carries  wheel  loads  in 
excess  of  9,000  pounds. 


EFFECT  OF  SALTS  IN  MIXING  WATER  ON  COMPRESSIVE  STRENGTH  OF  MORTAR 


AN  investigation  has  recently  been  completed  at 
/-X  the  University  of  Texas  on  the  effect  of  various 
salts  in  the  mixing  water  on  the  compressive 
strength  of  mortars.^  In  many  parts  of  Texas,  the 
only  waters  available  for  use  in  mixiQg  concrete  con- 
tain relatively  large  percentages  of  soluble  salts,  the 
so-called  "gyp"  and  "alkali"  waters  being  frequently 
encountered.  It  has  generally  been  considered  that 
the  sulphates  are  the  most  injurious  salts,  and  tests  of 
such  waters  usually  have  consisted  in  a  determination 
of  the  effect  of  the  water  on  mortar  strength  in  com- 
parison with  a  water  of  acceptable  quality,  with 
occasional  tests  of  total  solids  and  percentage  of  sul- 
phate ion.  However,  since  it  was  not  Imown  definitely 
what  percentage  of  sulphates  might  be  expected  to  be 

'  University  of  Texas  Bulletin  No.  2730,  Effect  of  Various  Salts  in  the  Mixing 
Water  on  Compressive  Strength  of  Mortars,  by  F.  E.  Giesecke,  H.  R.  Thomas,  and 
G.  A.  Parkinson. 


injurious,  a  chemical  analysis  furnished  little  informa- 
tion of  value. 

To  obtam  definite  quantitative  results  on  the  effect 
of  some  salts  which  might  be  present  in  mixing  waters, 
a  preliminary  series  of  tests  was  started  in  1922. 
These  tests  consisted  of  the  determination  of  the 
compressive  strength  of  480  2-by-4-inch  cylinders  of 
neat  cement  mixed  to  nonnal  consistency,  using  dis- 
tilled water  with  the  addition  of  various  percentages 
of  sodium  chloride,  sodium  sulphate,  sodium  carbonate, 
magnesium  chloride,  and  magnesium  sulphate.  These 
tests  were  made  at  ages  of  28  days,  3  months,  1  year, 
and  3  years. 

After  these  tests  were  started  it  was  thought  advis- 
able to  make  similar  tests  on  1:3  (by  weight)  sand 
mortars,  and  to  include  some  salts  not  used  in  the  pre- 
liminary tests.  In  this  series  of  mortars  the  following 
salts   were   used:  Sodium  chloride,   sodium  sulphate, 
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sodium  carbonate,  magnesium  chloride,  magnesium 
sulphate,  calcium  chloride,  and  ferrous  sulphate. 
These  tests  were  made  on  2-by-4-inch  cylinders, 
which  were  tested  at  the  same  ages  as  the  neat  cement. 

In  each  case  the  amount  of  salts  used  was  based  on 
desu-ed  percentage  of  negative  ion  in  the  mixmg  water, 
the  concentrations  bemg  0,  3^,  1,  2,  and  4  per  cent. 

In  the  mam  group^of  1:3  mortars  consistmg  of  700 
cylinders,  the  sand  used  was  from  the  Colorado  River 
at  Austin.  In  another  smaller  group  consisting  of  500 
cylinders,  a  natural  limestone  sand  from  Burnet 
County,  Tex.,  havmg  practically  the  same  grading  as 
the  Colorado  River  sand,  was  used.  In  this  latter 
group  the  calcium  chloride  and  ferrous  sulphate  were 
omitted. 

Materials. — (1)  Cement:  The  cement  used  was  a  laboratory 
blend,  made  up  of  a  mixture  of  two  brands  of  Texas  Portland 
cement.  This  blend  met  all  of  the  requirements  of  the  specifi- 
cations and  tests  of  Portland  cement  of  the  American  Society 
for  Testing  Materials.  (2)  Sand:  The  Colorado  River  sand 
consists  essentially  of  quartz  and  feldspar  grains,  with  a  small 
percentage  of  Umestone  grains.  The  natural  Hmestone  sand 
consists  of  clean  grains  of  a  good  quality  of  Hmestone,  having 
practically  the  same  grading  as  the  Colorado  River  sand.  (3) 
Water:  In  all  of  the  mixes  distilled  water  was  used,  with  the 
amounts  of  salts  added  as  required  for  the  several  groups.  The 
chemical  formulas  on  which  were  based  the  quantities  of  salts 
required  to  give  the  desired  percentages  of  the  various  negative 
ions  are  as  follows: 


Material 


Sodium  chloride 

Sodium  sulphate 

Sodium  carbonate 

Magnesium  chloride. 
Magnesiimi  sulphate 

Calcium  chloride 

Ferrous  sulphate 


Formula 


NaCl-. .._ 

Na2S04,  IOH2O.-. 
Na^COs 

MgCl2,  6H2O 

MgSO,,  7H2O..., 

CaClj 

FeSOs,  7H20 


Molecular  weight 


Total 
salt 


58.5 
322.2 
106.0 
203.3 
246.5 
111.1 
277.9 


Negative 
ion 


35.5 
96.1 
60.0 
71.0 
96.1 
71.0 
96.1 


Fabrication  of  specimens. — For  each  group  of  cylinders  having 
the  same  percentage  of  added  salt,  five  mixes  were  made  on 
five  different  days  in  order  to  minimize  accidental  variations. 
Each  mix  was  sufficient  to  make  four  2-by-4-inch  cylinders, 
which  were  tested  at  the  four  ages.  The  materials  for  each 
mix  were  accurately  weighed  in  the  proportion  of  1  part 
cement  to  3  parts  dry  sand.  The  amount  of  water  for  use 
with  each  batch  was  measured  and  the  calculated  weight  of 
salt  thoroughly  dissolved  in  it,  when  it  was  used  in  the  mix. 
The  consistencj'  of  the  mortars  was  as  nearly  as  possible  the 
same  as  the  standard  consistency  used  in  cement  testing.  The 
mixing  and  molding  of  the  specimens  were  carried  out  as  recom- 
mended by  Committee  C9-16T  of  the  A.  S.  T.  M.,  except  for 
finish  of  ends. 

Storage. — After  molding,  the  cyhnders  were  placed  in  the 
damp  closet  for  approximately  24  hours,  after  which  they  were 
removed  from  the  molds,  marked  for  identification,  and  placed 
in  running  water  in  a  storage  tank  where  they  were  kept  until 
time  for  testing. 

Capping  and  testing. — A  few  hours  before  testing  the  cyhnders 
were  removed  from  water  and  capped  with  plaster  of  Paris. 
The  specimens  were  tested  in  a  100,000-pound  capacity,  screw- 
type  testing  machine,  a  2-inch  spherical  bearing  being  placed  on 
top. 

The  results  of  the  various  series  of  tests  are  given  m 
the  report  on  the  investigation  and  comparisons  made 
on  the  basis  of  the  ratio  of  the  unit  strength  at  a  given 
age  for  a  given  percentage  of  added  salt  to  the  strength 
for  no  added  salt.  They  show  that  all  of  the  sodium 
salts  used  are  injurious  to  Portland-cement  mortars. 


the  chloride,  sulphate,  and  carbonate  showing  progres- 
sively greater  reduction  in  strength  for  a  given  per- 
centage of  negative  ion.  The  two  magnesium  salts 
used  have  only  slight  effect.  Calcium  chloride  and 
ferrous  sulphate  are  beneficial. 

It  is  quite  evident  from  the  results  that,  so  far  as 
mixing  water  is  concerned,  the  sulphate  ion  is  not 
necessarily  injurious  to  the  strength  of  Portland- 
cement  mortars.  Of  the  three  sulphates  used,  the 
sodium  salt  is  injurious,  the  magnesimn  salt  shows 
slight  effect,  and  the  ferrous  sulphate  increases  the 
strength  materially. 

Compared  to  the  percentages  of  salts  used  in  these 
tests,  the  waters  from  springs,  streams,  and  wells  will, 
ill  general,  contain  relatively  small  percentages  of 
dissolved  salts.  From  a  study  of  the  chemical  analysis 
of  waters  from  many  parts  of  the  State,  it  is  noted 
that  in  the  great  majority  of  cases  the  total  solids  are 
less  than  5,000  parts  per  1,000,000,  or  about  one-half 
of  1  per  cent.  Even  if  all  of  this  amount  of  salt  were 
sodium  carbonate  (which  was  the  most  injurious  of  the 
salts  tested)  this  would  correspond  to  about  0.3  per 
cent  of  carbonate  ion,  which  probably  would  not 
reduce  the  mortar  strength  more  than  about  5  per  cent. 

In  presenting  conclusions  as  to  the  results  of  the 
tests,  attention  is  called  to  the  fact  that  the  results 
given  apply  only  to  salts  present  in  the  mixing  water 
and  that  all  brands  of  cement  may  not  be  affected  in 
the  same  way.  The  following  conclusions  are  pre- 
sented as  a  general  summary  of  the  results  obtained. 

(1)  Sodium  salts  (chloride,  sulphate,  and  carbonate) 
are  injurious  to  Portland-cement  mortars. 

(2)  Magnesium  chloride  and  sulphate  have  very 
little  effect  on  mortar  strength. 

(3)  In  general,  the  strength  ratios  tend  to  increase 
with  age — that  is,  for  a  salt  that  reduces  the  strength, 
the  reduction  is  less  for  greater  ages,  and  for  salt  that 
increases  the  strength  vthe  percentage  increase  at  3 
years  is  usually  greater  than  at  28  days. 

(4)  Sulphates  are  not  necessarily  injurious  to  mortar 
strength. 

(5)  Two  per  cent  of  sulphate  ion  in  the  form  of 
ferrous  sulphate — -that  is,  about  6  per  cent  of  the  salt — 
increases  the  mortar  strength  approximately  20  per  cent. 

(6)  Relatively  few  natural  waters  contain  high 
enough  percentages  of  total  solids  to  make  them  unsafe 
for  use  in  concrete. 

While  it  is  probable  that  ferrous  sulphate  will  not  be 
present  in  natural  water,  it  was  included  in  this  series 
in  order  to  determine  the  effect  of  an  iron  salt  on  the 
strength  of  Portland-cement  mortar.  For  some  years 
it  has  been  noted  by  members  of  the  laboratory  staff 
that  natural  sands  containing  finely  divided  iron  oxide 
seemed  to  show  abnormally  high  strengths,  and  it  has 
been  the  opinion  that  the  iron  present  might  have  some 
chemical  reaction  with  the  cement,  thus  increasing  the 
mortar  strength.  The  results  obtained  with  this  salt 
seem  to  confirm  the  opinion.  It  would  be  interesting 
to  know  the  effect  of  some  other  iron  salts,  and  it  is 
believed  that  it  would  be  worth  while  to  extend  this 
part  of  the  investigation  to  include  the  effect  of  vari- 
ous commercially  available  iron  salts  on  the  strength 
and  other  properties  of  Portland-cement  mortars  and 
concrete. 


As  IS  well  known,  one  of  the  essential  differences 
between  sand  and  clay  lies  in  the  dimensions 
and  shape  of  particles  of  both  soils.  Sand 
particles  have  the  shape  of  more  or  less  large  seed,  and 
fine  clay  particles  are  shaped  like  shale  or  plates. 
This  difference  may  not  be  established  directly  because 
of  the  small  dimensions  of  clay  particles  which  can 
not  be  isolated  by  any  of  our  laboratory  instruments 
for  the  purpose  of  studying  them  by  the  aid  of  a  micro- 
scope, and  in  many  cases  the  microscope  is  useless  as 
our  eye  is  unable  to  discern  very  small  particles. 

A  proof  of  the  shale-likeness  of  clay  particles  is 
given  in  Doctor  Terzaghi's  well-known  book  Erd- 
baumechanik.^  In  the  experiment  described  by  Doctor 
Terzaghi,  water  containing  suspended  clay  particles  2  /x 
in  size  (1  /i  =  0.001  millimeter)  remained  between  two 


ELEMENTARY   PROOF  OF  SHALE-LIKENESS  OF  CLAY 

PARTICLES 

By  DMITRY  P.  KRYNINE,  Professor  of  Highway  Engineering,  Moscow  Superior  Technical  School,  and  Moscow  Institute  of  Transportation  Engineering 

as  in  the  sand.  With  sand  the  level  of  the  rising 
water  is  parallel  to  the  surface  of  the  water  in  the 
basin;  i.  e.,  it  is  horizontal.  The  pores  of  the  sand 
seem  to  be  disposed  in  disorder,  the  way  of  the  water 
movement  is  relatively  straight,  and  the  capillary  water 
rising  to  the  surface  passes  approximately  in  the  same 
direction  through  all  the  pores. 

Now  take  a  tube  filled  with  dry  clay  powder;  natu- 
rally the  bottom  end  of  the  tube  must  be  previously 
covered  with  cheesecloth.  Before  beginning  the  experi- 
ment clay  particles  and  balls  must  be  carefully  broken 
into  powder,  and  the  powder  strewn  into  the  glass 
tube  slowly  and  with  great  accuracy  (for  instance, 
from  a  constant  height  of  1  meter  and  through  a 
rubber  tube,  as  it  was  done  in  the  laboratory  men- 
tioned below).  This  phenomenon  is  similar  to  that 
which  took  place  in  nature  many  centuries  ago  when 
the  sedimentation  of  many  contemporary  clays  was 
effected  in  the  water.  During  the  latter  proceeding 
the  clay  particles  probably  disposed  their  broad  side 
approximately  horizontally  on  the  lower  layers,  one 
layer  being  separated  from  another  by  a  thin  hori- 
zontal cleft.  The  tube  is  jarred  until  the  soil  reaches 
a  certain  height  and  no  further  settlement  takes  place. 
Then  the  glass  tube  is  put  into  an  inclined  position 
and  its  lower  end  immersed  in  the  water.  The  sur- 
face of  contact  between  the  soil  and  the  water  may 
be  inclined  or  horizontal.  In  both  cases  the  water 
rises  as  shown  in  the  photograph;  i.  e.,  its  surface  is 
not  parallel  to  the  surface  of  the  water  in  the  basin 
but  normal  to  the  axis  of  the  tube.  This  can  only  be 
explained  by  the  shalelike  shape  of  the  clay  particles. 
When  the  tube  is  placed  in  an  inclined  position  the 
clefts  between  the  layers  also  become  inclined.  The 
water  rises  through  them  and  seeks  a  passage  upward. 
This  passage  is  found  between  the  particles  of  the 
lower  layer,  then  the  water  fills  the  following  cleft, 
and  so  on. 

The  device  at  the  right  of  the  photograph  has  no 
special  influence  on  the  results  of  the  experiment.  It 
is  merely  an  overturned  cucurbit  with  water  to  main- 
tain the  water  in  the  basin  at  a  permanent  level.  A 
thin  glass  tube  passes  through  its  cork,  the  bottom  end 
of  the  tube  having  a  sloping  cut.  At  the  lowering  of 
the  level  in  the  basin  the  air  enters  the  cucurbit  and  re- 
leases a  correspondent  quantity  of  water  to  replace  the 
loss. 

The  simple  fact  above  described  seems  to  be  an  un-. 
doubted  proof  of  the  shale-likeness  of  clay  particles. 
It  was  observed  in  the  highway  laboratory  of  the  Mos- 
cow Superior  Technical  School.  (Prof.  D.  P.  Krynine; 
Miss  Mary  V.  Ivanova  and  Mr.  T.  A.  Ovssiannikoft", 
both  graduates  in  civil  engineering,  coworkers.) 


y/y 


■^mK. 


Demonstration  of  Rise  of  Capillary  Water  in  Clay 

watch-glasses  located  at  a  distance  of  0.1  m  from  each 
other,  this  distance  being  established  by  the  color  of 
Newton  rings  surrounding  the  water  spots  between  the 
glasses.  The  phenomenon  may  only  take  place  if  clay 
particles  are  shalelike. 

A  practical  highway  engineer  is  not  able  to  reproduce 
this  experiment  owing  to  lack  of  necessary  laboratory 
equipment.  An  elementary  proof  of  the  shale-likeness 
of  clay  particles  is  given  below  and  the  suggested 
experiment  can  be  easily  repeated  by  anyone. 

Everybody  Icnows  that  if  the  lower  end  of  a  tube 
filled  with  dry  soil  is  immersed  in  water  the  rise  of 
water  due  to  capillary  action  begins.  If  the  tube  is  held 
vertically  it  is  quite  natural  for  the  level  of  .the  water 
rising  uniformly  in  the  capillary  pores  of  the  soil  to 
be  noi'mal  to  the  axis  of  the  tube.  Logically  it  must  be 
so.  If  the  tube  is  incHned  the  case  is  different.  In  this 
case  the  experiment  shows  that  the  rise  of  capillary 
water  does  not  take  place  in  the  same  way  in  the  clay 
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THE  DAILY  cost  of  operating  a  power-shovel 
grading  outfit  is  very  nearly  fixed  for  any  given 
set  of  conditions,  regardless  of  whether  the  output 
is  high  or  low.  The  only  effective  means  available  to 
the  contractor  for  reducing  his  unit  cost  is  therefore 
to  increase  the  rate  of  production.  Some  of  the  more 
general  requirements  necessary  for  efficient,  economical 
production  as  developed 
will  be  briefly  summarized 
in  the  first  portion  of  this 
article  and  treated  in 
greater  detail  in  subse- 
quent portions  of  this 
series  of  articles. 

Efficient  use  of  the  power 
shovel  in  highway  grading 
generally  involves  the 
proper  coordmation  of  at 
least  three  distinct  opera- 
tions: (1)  Except  where 
the  material  can  be  cast, 
it  must  be  dug  and  loaded 
into  the  hauling  units  at 
or  near  the  maximum  rate 
of  production  for  the  mate- 
rial handled;  (2)  the  haul- 
ing units  must  be  just  suffi- 
cient to  carry  the  output 
of  the  shovel  and  must  be 
operated  with  almost 
clocklike  precision,  so  that 
the  load  may  be  received, 
transported  to  the  place  of 
disposal,  dumped,  and  the 
hauling  units  returned  to 
the  shovel  without  inter- 
rupting the  steady  opera- 
tion of  the  shovel;  (3)  at 
the  fill  or  dump  the  mate- 
rial brought  by  the  hauling 
units  must  be  spread  and 
compacted  or  otherwise 
cared  for  as  may  be  re- 
quired by  the  specifications 
without  interfering  with 
the  steady  operation  of  the 
hauling  units.  If  the  ma- 
terial is  too  hard  to  be  dug 
effectively  with  the  shovel, 
another  operation,  that  of 
drilling  and  blasting,  is 
necessary,  and  this  opera- 
tion must  also  be  carried 
on  without  in terf ering 
with  the  others 


^ATA  COLLECTED  in  studies  of  power-shovel  oper- 
ation, which  are  reported  in  this  series  of  articles, 
indicate  that  there  are  few  jobs  on  which  a  material 
increase  in  output  can  not  be  obtained  without  a  corre- 
sponding increase  in  cost.  In  some  cases  it  has  been  found 
possible  to  increase  output  as  much  as  100  per  cent  by  a 
change  in  management  methods. 

Under  favorable  conditions  a  good  operator  can  attain 
a  rate  of  loading  of  four  dipper  loads  per  minute  for  inter- 
mittent periods  and  three  dipper  loads  or  more  per  minute 
as  a  continuous  rate.  By  whatever  amount  the  contractor 
fails  to  attain  this  rate  under  favorable  conditions,  he  is 
failing  to  attain  the  maximum  possible  efficiency. 

Efficiency  of  production  can  not  exceed  the  efficiency  of 
the  shovel  operator.  To  change  an  operator  making  a  load 
every  18  seconds  for  one  who  takes  20  seconds  redu,ces  the 
output  10  per  cent.  This  can  easily  amount  to  $20  to  $25 
a  day  in  lost  profits. 

The  difference  in  time  required  to  make  a  90°  swing  in 
loading  and  to  make  a  180°  swing  may  reduce  the  output 
by  as  much  as  25  per  cent. 

A  mass  diagram  is  essential  in  planning  hauling  equip- 
ment and  estimating  on  a  job.  With  such  a  diagram,  and 
knowing  the  time  constants  of  operation,  it  is  possible  to 
determine  the  most  efficient  outfit  and  how  long  it  should 
take  to  do  the  work. 

Determination  of  proper  team  supply  greatly  affects 
profits.  One  job  is  estimated  to  cost  $15,440  with  an  8-team 
outfit  which  can  be  done  for  $14,555  with  an  11-team  outfit. 

It  is  often  advantageous  to  sublet  short-haul  work  or  to 
do  it  with  wheelers  or  fresnoes  when  conditions  result  in  a 
surplus  of  teams  at  the  shovel. 

Work  should  be  continued  under  adverse  conditions 
when  it  is  possible  to  earn  more  than  the  difference  be- 
tween the  costs  which  accrue  while  working  and  those 
which  accrue  while  idling. 

It  has  been  found  that  the  diversity  of  kinds  and  sizes 
of  trucks  has  produced  varied  results  in  meeting  the  special- 
ized requirements  of  use  with  a  power  shovel. 

Using  trucks  on  a  short  haul,  it  has  sometimes  been  found 
possible  to  double  the  output  by  backing  them  to  the  dump 
rather  than  making  a  turn  at  the  dump  and  another  at  the 
shovel. 

Roadway  conditions  play  an  important  part  in  truck 
operation.  Pneumatic  tires,  particularly  those  of  the  dual 
type,  are  preferable. 

Crawler-type  tractors  drawing  large  dump  wagons  have 
been  found  adapted  to  conditions  commonly  found  on 
power-shovel  jobs.  The  number  of  trains  used  must  agree 
closely  with  economical  requirements.  As  an  example, 
the  use  of  one  2-wagon  train  on  a  particular  job  requiring 
two  such  trains  would  have  increased  the  cost  of  the  job 
nearly  $7,200,  while  the  use  of  three  trains  would  have 
increased  it  $1,250. 


its  parts.  Absolute  perfection  in  all  details  is  probably 
impossible.  Nevertheless,  recent  extensivestudies  by 
the  Division  of  Management  of  the  Bureau  of  Public 
Roads,  of  power-shovel  operation  on  a  large  number  of 
projects  operated  under  a  great  variety  of  conditions 
show  rather  conclusively,  (1)  that  a  high  degree  of 
efficiency  is  possible  of   attainment,   and   (2)  that,  in 

general,  the   cause  of   the 

low  production  encoun- 
tered on  many  projects  is 
due  to  conditions  over 
which  the  management  has 
more  or  less  definite  con- 
trol and  which  are  there- 
fore to  some  extent  reme- 
diable. 

On  this  work  the  shovel 
is  the  primary  producer. 
All  production  is  depend- 
ent on  it.  An  inferior 
shovel  or  operator  is  a  cer- 
tain guarantee  that  pro- 
duction costs  will  be  high. 
The  shovel  should  be 
sturdy,  powerful,  depend- 
able, fast,  and  easily  oper- 
ated. But  no  matter  how 
good  the  shovel,  a  high 
grade  of  skill,  intelligence, 
and  endurance  is  required 
on  the  part  of  the  operator 
in  order  to  secure  consist- 
ently a  high  rate  of  pro- 
duction. 

In  ordinary  common  ex- 
cavation 4  or  more  feet  in 
depth  and  which  is  dug 
easily  and  dumped  freely, 
a  good  power  shovel  in 
good  condition  can  load 
vehicles  at  the  rate  of  four 
dipper  loads  per  minute, 
providing  the  vehicles  are 
so  placed  that  the  average 
swing  does  not  exceed  90°. 
A  good  operator  can  con- 
tinue this  rate  for  intermit- 
tent periods  throughout 
the  day.  To  attain  this 
rate  it  is  necessarj''  to  load 
the  dipper  in  about  43^2 
seconds,  to  swing  and 
spot  the  dipper  in  about 
4  seconds,  to  dump  it 
in  IJ^  seconds,  and  then 
loading  point  in   about   5 


Efficient  operation  requires  not  only  that  a  high  rate  return  the^  dipper  to  the  ,.^  - ,  , 
of  production  be  secured  with  the  shovel,  but  that  this  seconds.  Many  jobs  have  been  found  where  this  rate 
production  be  secured  with  the  use  of  a  minimum  of  has  been  maintained  during  intermittent  periods  of 
labor  and  auxiliary  equipment.  This  can  only  be  varying  length  under  the  conditions  given  above,  and 
accomplished  when  each  operation  is  so  synchronized  it  may  therefore  be  taken  as  the  maximum  attainable 
and  coordinated  that  the  entire  organization  functions  with  present-day  power  shovels  worked  under  favor- 
as  a  unit  without  either  interference  or  waste  in  any  of  able  field  conditions.     However,  numeious  jobs  have 
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been  found  where  the  average  rate  of  all-day  shovel 
■operation,  in  good  conunon,  was  at  the  rate  of  three  or 
more  dii)per  loads  per  minute,  and  this  may  therefore 
be  accepted  as  a  criterion  of  good  operation  under 
normally  favorable  field  conditions.  If  the  operator 
IS  forced  to  swing  his  shovel  180°  instead  of  90°,  his 
best  possible  short  time  output  will  be  only  about  3}4 
-dipper  loads  per  minute  even  with  a  very  fast  swinging 
shovel,  while  his  all-day  average  rate  may  readily  be 
.much  less  than  23^2  dipper  loads  per  minute. 

Output,  however,  is  the  product  of  the  number  of 
dipper  loads  multiplied  by   the  average  yardage  per 


A  Full  Dipper  Load  of  Easily  Worked  Material  and 
A  Short  Swing.  Such  Condition  Should  Produce  a 
Large  Output 

dipper  load.  A  good  operator  can  combine  both  speed 
and  high  average  quantity  of  material.  In  ordinary 
icommon  excavation  3  or  more  feet  in  depth  the  average 
dipper  load  for  a  M-yj^^-d  shovel  should  be  about  one- 
half  cubic  yard  of  material  as  measured  in  place.  A 
1-yard  dipper  should  average  about  0.7  cubic  yard. 
In  some  materials  which  heap  up  on  the  dipper  and 
do  not  spill  on  the  swing  the  average  load  will  some- 
times equal  the  rated  capacity.  In  poorly  blasted  rock 
■or  shale,  or  in  material  full  of  roots  and  stumps,  the 
average  dipper  load  may  be  40  per  cent  less  than  the 
general  average  for  ordinary  common  excavation  or 
about  0.3  cubic  yard  for  a  i^<4^-yard  dipper.  Figure  1 
is  illustrative  of  the  studies  made  and  shows  the  rate  at 
which  dipper  loads  can  be  deposited  in  the  hauling 
units  under  fast  operation,  and  how  a  few  slow  opera- 
tions increase  the  average  time  per  cycle  for  the  entire 
period.  As  the  material  passes  from  good  common  to 
one  more  difficult  the  digging  and  loading  operations 
become  slower  and  there  is  greater  difficulty  in  securing 
a  full  dipper. 

MISTAKES    IN    MANAGEMENT    FOUND    WHICH    GREATLY    REDUCE 

PROFITS 

The  custom  of  loading  the  hauling  units  at  the  rear 
of  the  shovel  (180°  swing)  is  a  very  expensive  practice. 
Even  with  a  fast-swinging  shovel,  loading  at  the  rear 
of  the  shovel  instead  of  at  the  side  will  increase  the 
time  required  for  each  dipper  load  about  four  seconds, 
and  if  the  shovel  is  of  slow-swing  speed  it  may  be  twice 
this  amount.  If  the  average  time  per  dipper  load  is 
20  seconds  when  loading  at  the  side  of  the  shovel,  it 
will  be  somewhere  between  24  and  28  seconds  if  the 
loading  is  at  the  rear.  In  other  words,  production  will 
be  cut  from  180  dipper  loads  per  hour  to  150  or  possibly 
as  low  as  128  per  hour.  Consequently,  one  of  the 
essential  requirements  for  high-shovel  production  is  to 
so  place  the  wagons  or  trucks  that  the  swing  of  the 
shovel  will  be  as  short  as  possible. 


For  materials  which  clear  the  dipper  freely  the  dump- 
ing time  should  not,  in  general,  exceed  an  average  of 
about  one  second,  but  sticky,  adhesive  materials  require 
much  skill  on  the  part  of  the  operator,  if  the  average 
dumping  time  is  to  be  held  down  to  two  or  three  seconds. 
A  slow  or  inexperienced  operator  may  readily  consume 
two  or  thi"ee  tiirres  as  much  time  per  dipper  load. 
Daily  production  in  very  sticky  or  adhesive  materials 
may  therefore  be  as  low  as  for  poorly  blasted  rock. 

The  general  tendency  among  highway  grading  con- 
tractors seems  to  be  to  do  too  little  blasting  as  well  as 
too  little  clearing  and  grubbing.  It  is  not  uncommon 
to  fiird  power  shovels  producing  orrly  about  one-half 
the  output  which  would  have  been  possible  had  the 
blasting  been  well  done.  In  materials  which  are  too 
hard  to  dig  readily  without  blasting,  a  good  powder  man 
is  indispensable  for  satisfactory  production. 

In  shallow  cuts  attention  should  be  given  to  the  time 
required  to  move  the  shovel  forward.  A  modern 
crawler-type  shovel  in  good  condition  can  be  moved 
forward  in  15  seconds.  If  an  average  of  30  seconds  is 
required,  either  the  operator  is  slow  or  else  the  mecha- 
nism rreeds  attention.  The  old-style  wheel-traction 
type  operating  on  mats  will  ordirrarily  require  from 
five  to  seven  times  as  long  to  move.  This  is  a  severe 
handicap  where  much  shallow  cutting  is  involved.  In 
shallow  cuts  keeping  the  boom  lower  than  normal  and 
the  shovel  well  forward  will  facilitate  filling  the  dipper, 
while  in  deep  cuts  the  boom  should  be  kept  high  and 
the  shovel  well  back  from  the  face. 

On  the  jobs  studied  an  inadequate  supply  or  poor 
operation  of  hauling  equipment,  or  both,  were  the  most 
frequent  causes  of  slow-shovel  operation  in  good  com- 
mon excavation.  Ti-imnriirg  to  grade  arrd  dressing 
slopes  was  the  second  most  prolific  cause  for  extending 
the  time  required  per  dipper  load. 

If  the  highest  possible  shovel  pi'oduction  is  to  be 
secured,  vehicles  must  be  exchanged  within  the  time 
rec{uired  to  handle  one  dipper  load,  or  in  good  common 
from  about  12  to  18  seconds.  To  operate  the  hauling 
equipment  so  as  to  meet  this  requirement  is  practical 
uirder  ordinary  field  conditions,  providing  each  vehicle 
can  carry  two  or  more  dipper  loads  per  load.  It  is  not 
possible  to  so  synchronize  the  operation  of  the  hauling 
equipment  that  high  production  can  be  maintained 
consistently  if  oirly  one  dipperful  is  carried  per  load. 

NUMBER  OF  HAUUNG  UNITS  NEEDED  REQUIRES  CAREFUL 
CONSIDERATION 

Since  the  shovel  can,  in  general,  only  dig  material 
when  vehicles  are  in  position  to  receive  it,  the  adequacy 
of  the  hauling  equipment  has  a  very  decided  effect  on 
production.  The  nunrber  of  hauling  units  of  any 
given  kiird  which  are  required  varies  almost  directly 
as  the  length  of  haul  which  generally  varies  between 
rather  wide  limits  and  often  at  rapid,  irregular  rates. 
The  characteristics  which  affect  the  rate  at  which  the 
material  can  be  dug  by  the  shovel  sometimes  also 
change  with  unexpected  frequency.  In  practice,  there- 
fore, it  is  found  inadvisable  to  attempt  to  rrraintain 
an  exact  balance  between  the  hauling  equipment 
supplied  and  that  just  needed  to  maintain  the  highest 
rate  of  production  at  the  shovel.  Consequently,  ii. 
many  instances  a  definite  number  of  hauling  units  d 
sent  out  and  maintained  on  the  job  untU  it  is  completeh 
The  result  is  that  on  very  short  hauls  some  of  the 
equipment  is  idle  or  working  at  slow  rate,  while  on  the 
longer  hauls  not  enough  equipment  is  available  to  keek 
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the  shovel  at  a  high  rate  of  production.  The  question 
thus  becomes  one  of  determining  what  hauling  equip- 
ment should  be  sent  out  in  order  to  complete  the  job 
at  the  lowest  possible  cost. 

Since  it  is  general  practice  to  maintain  a  fairly 
definite  number  of  hauling  units  on  the  job,  the  utili- 
zation of  the  otherwise  idle  time  on  the  short  hauls 
therefore  becomes  a  matter  of  considerable  importance. 
At  present,  the  general  practice  is  to  begin  the  fill  at 
the  nearest  point  of  the  cut,  so  that  as  the  work  pro- 
ceeds the  distance  between  the  shovel  and  the  dump 
continually  increases.  The  result  is  that  a  large  por- 
tion of  the  hauling  equipment  is  idling  when  the  cut  is 
begun,  but  before  the  end  is  reached  the  shovel  is 
waiting  a  considerable  portion  of  the  time.  A  better 
method  which  can  frequently  be  employed  is  to  begm 
the  fill  at  the  balance  point  or  a  sufficient  distance 
away  from  the  begmning  of  the  cut,  so  that  as  the 
work  proceeds  the  dump  and  the  shovel  will  both 
progress  in  the  same  direction  and  with  a  haul  sufficient 
to  utilize  the  full  equipment  to  the  best  advantage. 
Whenever  possible  the  placing  of  fills  should  be  so 
planned  that  the  idle-time  loss  for  the  hauling  equip- 
ment will  be  reduced  to  a  minimum.  Surplus  teams 
may  often  be  used  with  fresnoes  to  do  cleaning-up  work 
usually  done  with  the  shovel. 

Various  types  of  hauling  equipment  are  used  with 
the  power  shovel,  the  most  common  of  which  are  teams 
-and  bottom-dump  wagons,  motor  trucks,  and  large 
tractor-drawn  bottom-dump  wagons.  Teams  are  used 
more  frequently  than  any  other  type,  and  in  general,  are 
very  satisfactory  for  short  to  moderate  hauls.  The  time 
required  for  turning,  dumping,  and  maneuvering  is  rela- 
tively short  and  their  average  round-trip  speed  fairly 
constant  at  from  about  220  to  240  feet  per  minute  over 
a  wide  range  of  road  conditions.  On  jobs  which  have 
very  wide  variations  in  the  lengths  of  haul,  and  espe- 
cially if  the  longer  hauls  involve  considerable  quanti- 
ties, the  use  of  teams  is  apt  to  be  uneconomical  unless 
the  conditions  are  such  that  either  extra  teams  can  be 
hired  as  needed  or  else  that  when  the  shorter  hauls  are 
reached  the  otherwise  idle  teams  can  be  satisfactorily 
utilized  on  wheeler  or  fresno  work. 

Some  of  the  difficulties  of  team  hauling,  especially 
for  the  longer  hauls,  would  no  doubt  be  reduced  by  a 
more  general  use  of  the  2-cubic-yard  three-horse 
wagons.  Where  team  hauling  is  used  the  daily  cost  of 
remaining  idle  may  readily  reach  one  half  the  normal 
daily  operating  cost.  Consequently,  with  a  team 
outfit  it  is  generally  very  important  that  work  be 
carried  on  whenever  it  is  at  all  practicable  to  do  so. 

CONCLUSIONS  REACHED  CONCERNING  TRUCK  AND  TRACTOR 
OPERATION 

Heavy  trucks,  on  the  other  hand,  are  apt  to  prove 
•expensive  on  very  short  hauls.  Three  or  five  ton  trucks 
are  rather  generally  used  in  some  sections.  Where  the 
prevailing  hauls  are  moderate  to  long  and  the  road, 
dump,  and  cut  can  be  suitably  maintained,  these  vehicles 
give  good  service.  Trucks  should  be  equipped  with  a 
quick-acting  dumping  mechanism  which  will  raise  the 
body  to  a  high  angle.  Since  operating  room  is  restricted 
on  most  construction  jobs,  trucks  with  a  short  wheel 
base  are  generally  found  to  turn  faster  both  at  the  dump 
and  the  shovel— a  very  important  matter  on  short-haul 
work  where  speed  is  of  but  minor  importance.  On 
long  hauls  speed  becomes  an  extremely  important 
element.  Yet  many  jobs  have  been  found  where  the 
Toad  conditions  were  such  that  the  average  round-trip 


speed  of  the  trucks  was  as  low  as  300  or  400  feet  per 
minute. 

Except  where  the  trucks  were  equipped  with  pneu- 
matic tires  no  job  has  yet  been  found  where  trucks  of 
this  class  could  consistently  maintain  an  average  round- 
trip  speed  of  over  8  miles  an  hour,  or  about  700  feet  a 
minute.  Generally  the  speed  has  been  below  6  miles 
an  hour.  Where  heavy  trucks  are  used  more  attention 
to  road  conditions  would  be  profitable,  as  would  the  use 
oj  J^he  dual-type  pneumatic  tires  for  the  rear  wheels. 
Whenever  the  turning  time  on  short-haul  work  is  long 
and  the  operating  speed  relatively  low,  the  output  of 
the  truck  can  usually  be  considerably  increased  by  back- 
ing the  loaded  vehicle  to  the  dump  and  returning  it  for- 
ward to  the  shovel.  Cases  have  been  found  where  this 
method  proved  advantageous  up  to  a  haul  of  over  800 
feet.  On  very  short  hauls  the  output  of  the  truck  can 
sometimes  be  almost  doubled  in  this  way. 

Bottom-dump  wagons  of  5  and  6  cubic  yards  capacity 
drawn  by  crawler  tractors  have  been  found  to  be  very 


Loading  a  Train  of  Tractoe-drawn  Dump  Wagons 

efficient  under  a  wideNvariety  of  conditions.  Usually 
two  of  these  wagons  can  be  drawn  by  one  good  10-ton 
crawler-type  tractor.  A  good  tractor  operator  can 
handle  one  of  these  trains  effectively  under  conditions 
encountered  in  ordinary  highway  grading  work.  While 
the  operating  speed  is  rather  low — about  275  to  325 
feet  per  minute — the  dumping  and  turning  time  is  low, 
so  that  two  of  these  trains  can  ordinarily  handle  the 
full  ouput  of  a  ^-yard  shovel  up  to  a  haul  of  from  600 
to  800  feet  in  good  common  excavation,  and  to  a  cor- 
respondingly greater  distance  in  material  which  is 
more  difficult  to  dig.  Each  additional  train  will 
extend  the  hauling  distance  by  from  800  to  1,000  feet. 

Where  crawler  tractors  are  used  to  draw  large  dump 
wagons,  only  skilled  operators  who  will  take  an  interest 
in  the  work  should  be  employed.  Since  the  number  of 
tractor  trains  required  for  the  economical  operation  of 
the  ordinary  highway  grading  job  rarely  exceeds  three, 
it  is  very  important  that  they  be  maintained  in  proper 
condition  and  operated  with  great  regularity. 

Power-shovel  operation  in  highway  grading  work 
involves  a  large  number  of  repetitive  operations.  The 
dipper  must  be  loaded,  swung,  and  spotted  over  the 
hauling  unit,  the  load  dumped,  and  the  dipper  then 
returned  for  another  load.  From  time  to  time  the 
shovel  must  be  moved  forward  or  maneuvered  so  as  to 
keep  it  within  easy  digging  reach  of  the  material.  The 
hauling  units  must  be  brought  into  position  and 
loaded,  the  load  hauled  to  the  dump — at  the  dump 
turning  and  backing  is  often  necessary.  The  load  must 
then  be  dumped  and  the  vehicle  returned  to  the  cut 
where  turning  and  maneuvering  is  frequently  necessary 
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to  get  into  position  for  receiving  another  load.  As  these 
operations  are  repeated  over  and  over  again  throughout 
the  day,  it  is  clear  that  if  a  few  seconds,  or  even  a 
fraction  of  a  second,  are  regularly  lost  on  any  one  opera- 
tion, the  total  loss  during  the  course  of  the  day  will  be 
large.  If  an  operator  working  regularly  on  a  20-second 
cycle  slows  up  only  just  enough  to  regularly  add  one 
second  to  each  of  the  major  operations  of  loading, 
swinging,  dumping,  and  returning  the  dipper,  the  out- 
put will  be  cut  from  three  to  two  and  one  half  dippers 
per  minute.  Or,  if  the  regular  unhampered  output  is 
90  wagonloads  per  hour,  and  the  drivers  of  the  hauling 


units  slow  down  so  as  to  delay  the  shovel  only  five 
seconds  each  time  in  getting  into  place  to  be  loaded,  then 
the  output  will  be  cut  to  80  loads  per  hour. 

Definite  stops  are,  of  course  obvious  and  every  con- 
tractor makes  more  or  less  determined  efforts  to  elimi- 
nate or  reduce  them.  But  a  power-shovel  outfit  may 
operate  all  day  without  a  single  definite  stop  and  yet 
not  produce  more  than  half  the  yardage  it  is  capable  of 
producing  simply  because  the  management  is  not 
aware  of  the  effect  on  production  of  the  constant  loss 
of  seconds  or  even  fractions  of  seconds  in  the  numerous 
repetitive  operations. 


FACTORS  AFFECTING  THE  OPERATING  CYCLE 


The  operating  cycle  of  the  power  shovel  consists  of 
the  consecutive  actions  of  (1)  loading  the  dipper,  (2) 
swinging  it  over  the  wagon  or  other  hauling  unit,  (3) 
dumping  it,  and  (4)  swinging  it  back  to  loading  posi- 
tion. From  time  to  time  the  shovel  must  also  be 
moved  forward  so  as  to  keep  within  easy  digging  reach 
of  the  face  of  the  cut.  This,  however,  is  not  a  part  of 
the  regular  operation  cycle,  but  rather  a  necessary 
interruption,  the  relative  frequency  of  which  varies 
principally  with  the  depth  of  the  cut. 

Efficiency  in  power-shovel  operation  is  dependent 
on  the  operator  and  on  the  shovel  itself.  A  first-class 
operator  may  be  able  to  secui-e  fair  production  with  an 
old  or  a  second-rate  shovel,  but  a  poor  operator  is  a 
heavy  handicap  even  with  the  very  best  equipment. 
It  is  hoped  the  records  of  performance  which  this  series 
of  papers  contains  may  help  constructors  to  increase 
their  present  rates  of  shovel  production  and  the  power- 
shovel  manufacturers  to  so  perfect  their  shovels  as  to 
meet  still  better  those  conditions  which  are  prerequi- 
site to  high  rates  of  production. 

It  has  been  stated  that  under  ordinary  field  condi- 
tions the  fastest  obtainable  operating  cycle  in  good 
common  excavation  is  in  the  neighborhood  of  15 
seconds  when  the  swing  is  90°.  The  importance  of 
approaching  this  limit  as  closely  as  possible  can  hardly 
be  overstated.  A  15-second  cycle  consistently  main- 
tained will  yield  the  large  output  of  240  dipper  loads 
an  hour.  To  attain  a  15-second  cycle  it  is  necessary  to 
load  the  dipper  regularly  in  4  to  5  seconds,  to  swing  it 
over  the  wagon  in  4  to  5  seconds,  to  dump  it  in  1  to 
\}/2  seconds,  and  return  it  again  to  loading  position  in 
4  to  5  seconds.  Lengthening  the  cycle  time  to  20 
seconds  drops  the  output  to  180  dipper  loads  an  hour — 
a  reduction  of  25  per  cent.  If  the  cycle  is  lengthened 
to  25  seconds,  the  best  the  shovel  can  turn  out  is  144 
dipper  loads  an  hour,  while  if  a  30-second  cycle  obtains 
the  output  can  not  exceed  120  dipper  loads. 

The  difference  between  operation  on,  let  us  say,  a 
15-second  cycle  and  on  a  20-second  cycle  is  often  a 
matter  of  a  second  or  so  in  loading,  a  slight  hesitation 
during  the  swing,  with  perhaps  a  bit  of  delay  in  spot- 
ting over  the  wagon — delays  which  may  not  be  noticed 
except  with  the  aid  of  extended  stop-watch  readings. 
It  is  not  surprising  to  find  that  slow  operators  are 
sometimes  rated  as  fast  because  the  contractor  has 
nothing  definite  with  which  to  compare  their  work  and 
to  find  that  fast  operators  are  sometimes  being  dis- 
credited because  job  conditions  or  methods  of  job 
management  over  which  they  have  no  control  hold 
down  the  output. 


Examples  of  the  full  operating-cycle  time  where  load- 
ing was  at  the  side  of  the  shovel  are  shown  in  Figures  1 
to  5.  A  detailed  analysis  of  each  of  the  four  parts  of 
the  operating  cycle  seems  advisable  in  order  to  estab- 
lish more  clearly  the  parts  played,  respectively,  by  the 
operator,  the  machine,  and  the  material  in  determining 
and  controlling  the  rate  of  production.  This  will  be 
followed  by  a  somewhat  similar  analysis  of  the  addi- 
tional factors  affecting  production  which  are  more  or 
less  completely  under  the  control  of  the  management. 

The  first  activity  of  the  operating  cycle  is  loading  the 
dipper  and  its  effectiveness  is  dependent  on  the  size  of 
the  load  and  the  time  taken  in  securing  it.  To  sacri- 
fice, say,  10  per  cent  of  the  size  of  the  dipper  load  in 
order  to  increase  the  number  of  dippers  by  10  per  cent 
results  in  a  loss  in  material  dug  and  smaller  loads  for  the 
hauling  units.  The  smaller  the  time  of  loading  the 
dipper  as  compared  with  the  time  of  the  entire  cycle, 
the  greater  is  the  importance  of  securing  a  full  dipper. 
It  is  more  important  to  try  for  a  full  dipper  when  the 
swing  is  long  than  when  it  is  short.  In  very  shallow  cuts 
a  low  boom  will  aid  in  securing  a  fuller  dipper,  as  will  a 
high  boom  in  a  deep  cut. 

In  making  these  studies  determinations  have  been 
made  as  to  the  number  of  dipper  loads  and  quantity  of 
material  moved  under  various  conditions.  Quantities 
were  determined  from  careful  cross-sectioning  and  are 
thought  to  be  large  enough  to  represent  average  condi- 
tions. Table  1  gives  the  results  obtained  on  several 
jobs.  For  a  so-called  ^-yard  bucket  having  a  capacity 
of  approximately  three-fourths  cubic  yard  when  struck 
horizontally  in  line  with  the  top  of  the  teeth  and  the  top 
of  rear  edge,  the  average  dipper  load  may  vary  from  0.3 
to  0.8  cubic  yard,  depending  on  the  material  and  the 
skill  of  the  operator.  In  fair  to  good  common  reason- 
ably free  from  roots  and  bowlders,  a  good  operator  work- 
ing under  favorable  conditions  should  dig  an  average  of 
0.5  or  0.6  cubic  yard  per  dipper  load.  In  poorly  blasted 
rock  or  shale,  very  rooty  and  stumpy  soils,  and  certain 
tough,  moist  clays,  the  average  load  may  be  only  0.35 
cubic  yard  or  even  less  in  exceptional  cases.  In  shallow 
cuts  the  average  load  is  likely  to  be  low.  Materials 
which  bulk  considerably  when  broken  up  or  which  lack 
cohesion,  and  will  not  heap  up  on  the  dipper,  are  apt  to 
show  a  low  average  yield  per  dipper  load. 

In  general,  the  largest  average  dipper  load  can  be 
secured  from  cuts  of  moderate  depth,  from  5  to  7  feet 
being  perhaps  the  most  advantageous  in  materials  not 
needing  to  be  blasted.  The  size  of  the  dipper  load  is 
sometimes  affected  by  the  position  in  which  the  hauling 
units  are  loaded.     In  loose,  friable  materials  which  spill 
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Fig.  1. — Diagram  Showing  Percentage  of  Shovel  Cycles 
Performed  in  Various  Time  Intervals.  Based  on  383 
Complete  Cycles  (4  Greater  Than  40  Seconds)  of  a  %- 
Yard  Shovel  Working  in  an  SJ/^-Foot  Cut  of  Blasted 
Shale  and  Loading  Trucks  at  Side.  Average  Time  Per 
Cycle,   18.9  Seconds 
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Fig.  2. — Diagram  Showing  Percentage  of  Shovel  Cycles 
Performed  in  Various  Time  Intervals.  Based  on  1,058 
Complete  Cycles  (43  Were  Over  40  Seconds  and  not 
Shown)  of  a  |^-Yard  Shovel  Working  in  1  to  5  Feet  of 
A  Sticky  Clay  and  with  an  Angle  of  Swing  of  from  45° 
TO  90°.     Average  Time  Per  Cycle,  23.9  Seconds 
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Fig.  3. — Diagram  Showing  Percentage  of  Shovel  Cycles 
Performed  in  Various  Time  Intervals.  Based  on  204 
Complete  Cycles  (5  Were  Over  40  Seconds  and  not 
Shown)  of  a  ^-Yard  Shovel  Working  in  from  8  Inches 
to  2  Feet  of  Loamy  Clay  with  an  Angle  of  Swing  of 
from  45°  TO  90°.     Average  Time  per  Cycle,  20  Seconds 
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Fig.  4. — Diagram  Showing  Percentage  of  Shovel  Cycles 
Performed  in  Various  Time  Intervals.  Based  on  734 
Complete  Cycles  (3  were  Over  40  Seconds  and  not 
Shown)  of  a  13/8- Yard  Shovel  Working  in  2  to  6  Feet  of 
Clay  with  a  Few  Bowlders.  Length  of  Swing,  45°  to 
90°.     Average  time  per  Cycle  20.3  Seconds 
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Fig.  5. — Diagram  Showing  Percentage  of  Shovel  Cycles 
Performed  in  Various  Time  Intervals.  Based  on  1,322 
Complete  Cycles  (20  were  over  40  Seconds  and  not 
Shown)  of  a  13/8-Yard  Shovel  Working  in  from  1  to  6 
Feet  of  Clay  with  a  Few  Bowlders  with  a  Swing  of 
From  45°  to  90°.     Average  Time  per  Cycle,  22  Seconds 

Table    1. — Number   of  dipper   loads   and   quanlily   of   material 
moved  under  various  conditions 


Type  of 
shovel 


Steam. _ 

Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 
Do... 

Do... 
Do... 
Do... 

Do-. 

Do... 

Do... 

Gas 

Do... 
Do... 
Do... 
Do... 


Do.. 

Do.. 

Do-. 
Steam. 
Oas... 

Do.. 


Capac- 
ity 


Cu. 


m 


Character  of  material 


Light  moist  claj',  free  from  roots  and 
stones. 

do- - 

do- --- 

Light  moist  clay,  with  some  shale 

Loamy  clay,  with  25  per  cent  loose  rook. 

do ...- 

Sand-clay 

do - 

Loamy  to  hard  clay 

Loamy  to  sandy  clay -- 

Loamy  to  clay - - -- 

do -- 

Gneiss-granite,  poorly  blasted 

Wet  sticky  clay,  with  a  few  stumps 

Moist  to  wet  sand-clay 

Sandstone,  well  blasted - 

do 

Moist  clay,  with  a  few  small  surface 

bowlders. 

Very  wet  clay r 

Wet  clay,  with  small  stumps 

Sandy  giavel,  with  some  hard  chunks 

of  shale. 

Drv  loamy  clay 

do— - 

Granite-gneiss,  poorly  blasted -- 

Loamy  clay,  moist,  with  a  few  roots 

Sandstone,  blasted 

Dry  clay,  with  a  few  bowlders 

Dry  clay,  with  surface  bowlders 

70  per  cent  large  bowlders  and  30  per 

cent  dry  clay. 
10  per  cent  dry  clay,  20  per  cent  loose 

rock,  70  per  cent  solid  rock,  blasted. 
Wet  sticky  clay,  with  a  few  surface 

bowlders. 
20  per  cent  dry  clay,  with  80  per  cent 

sandstone,  well  blasted. 
Sandy  clay  and  clay  loam,  with  some 

stone. 
80  per  cent  sandstone,  poorly  blasted, 

with  20  per  cent  clay. 
do 


Quan- 
tity 
moved 

Dipper 
loads 

Cu.  yds. 

Number 

57 

147 

114 

223 

85 

170 

65 

148 

19 

50 

63 

156 

49 

82 

93 

150 

49 

85 

50 

141 

60 

157 

39 

72 

985 

1,167 

i,745 

1,468 

1,825 

219 

632 

1,120 

2,599 

518 

794 

588 

990 

100 

210 

1,683 

4,099 

162 

309 

29 

71 

1,335 

356 

583 

1,840 

3,448 

1,523 

2,892 

635 

996 

381 

667 

2,759 

4,384 

1,364 

2,396 

474 

784 

1,  555 

3,504 

363 

788 

3,010 

6,646 

Aver- 
age 
loading 


Cu.  yds. 
0.39 

.51 
.50 
.44 
.38 
.40 
.60 
.62 
..58 
.35 
.38 
.53 
.33 
.67 
.80 
.35 
.43 
.65 

.59 
.48 
.41 

.53 
.41 
.40 
.61 
.53 
.53 
.64 
.57 

.63 

..57 

.60 

.44 

.46 

.46 


readily,  a  long  swing  and  especially  loading  near  the 
limiting  height  to  which  the  shovel  can  reach  is  certain 
to  reduce  the  amount  of  material  moved  per  dipper  load. 
Since  the  rate  of  operation  in  materials  of  this  kind 
should  be  around  200  dippers  an  hour,  even  small  dif- 
ferences in  the  size  of  the  dipper  load  become  important. 
Three  cases  were  studied  where  the  contractors  in  a 
laudable  effort  to  secure  a  large  yardage  per  dipper 
load  had  replaced  regular  ^-yard  dipi:)crs  with  l}4- 
yard  dippers.  This  proved  a  decided  handicap,  except 
possibly  in  extremely  soft  and  easy  digging,  as  the 
power  was  insufficient  to  force  the  large  dipper  into  the 
material.  Not  only  was  the  production  less  than  the 
normal  for  a  regular  ^-cubic  yard  shovel,  but  time 
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covers  a  number  of  observations  and  shows  the  number 
of  times  the  dipper  was  loaded  in  any  given  number  of 
seconds.  They  show  that  a  few  of  the  loading  times 
took  very  much  longer  than  the  others  and  reduced  the 
average  very  materially. 
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Fig.  6. — Diagram  Showing  Percentage  of  Loading  Opera- 
tions Performed  in  Various  Time  Intervals.  Based  on 
204  Loadings  of  a  %-Yard  Dipper  (3  Were  Over  32 
Seconds)  in  a  IJ^  to  2  Foot  Cut  of  Loamy  Clay.  Average 
Time,  6.1  Seconds 
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Fig.  7. — Diagram  Showing  Percentage  of  Loading  Opera- 
tions Performed  in  Various  Time  Intervals.  Based  on 
1,058  Loadings  (18  Were  Over  32  Seconds)  of  a  %-Yard 
Dipper  Working  in  1  to  5  Feet  of  Sticky  Clay.  Average 
Time,  10.29  Seconds 
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Fig.  8. — Diagram  Showing  Percentage  of  Lo.a.ding  Opera- 
tions Performed  in  Various  Time  Intervals.  Based 
ON  658  Loadings  (16  Were  Over  32  Seconds)  of  a  M-Yard 
Shovel  Working  in  2  to  6  Feet  of  Sticky  Clay.  Average 
Time,  12.2  Seconds 

losses  due  to  breakage  and  repairs  were  high.  This 
seems  to  indicate  that  for  general  highway  work  in- 
creased production  is  not  to  be  had  by  increasing  the 
size  of  the  dipper  above  that  for  which  the  shovel  is 
designed. 

The  time  required  to  load  the  dipper  often  varies 
considerably  from  the  average,  as  shown  in  Figures  6 
to  12  and  Tables  2  to  4.     Each  of  the  graphs  shown 
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Fig.  9. — Diagram  Showing  Percentage  of  Loading  Opera- 
tions Performed  in  Various  Time  Intervals.  Based  on 
1,322  Loadings  (15  Were  Over  32  Seconds)  of  a  IJ^- 
Yard  Dipper  Working  in  13^  to  5  Feet  of  Clay  and  Loam 
With  a  Few  Bowlders.     Average  Time,  9.67  Seconds 
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Fig.  10. — Diagram  Showing  Percentage  of  Loading  Opera- 
tions Performed  in  Various  Time  Intervals.  Based 
ON  763  Loadings  (21  Were  Over  32  Seconds)  of-A 
M-Yard  Dipper  Working  in  1  to  4J^  Feet  of  Light  Loam. 
Average  Time  16.5  Seconds 
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Fig.  11. — Diagram  Showing  Percentage  of  Loading  Oper- 
ations Performed  in  Various  Time  Intervals.  Based 
ON  383  Loadings  (6  Were  Over  32  Seconds)  op  a  5^-Yard 
Dipper  Working  in  an  8  to  9  Foot  Cut  of  Blasted  Shale. 
Average  Time  6.9  Seconds 

Figure  6  shows  a  job  in  loamy  clay  where  the  per- 
formance was  excellent.  A  comparatively  large  num- 
ber of  dipper  loads  were  secured  in  four  seconds.  The 
average  loading  time  was  6.1  seconds,  and  there  were 
only  a  relatively  small  number  of  dipper  loads  which 
took  a  long  time  to  secure — an  indication  that  a  good, 
consistent    operator   was    handling    the    shovel      The 
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Light  Wokk  Whekk  Moke  Than  the  Average  Amount 
OF  Time  is  Required  to  Fill  the  Dipper 

50  per  cent  of  the  cases  observed,  one  lift  of  the  dipper 
was  used  to  secure  a  load,  and  in  these  cases  the  dipper 
load  was  secured  in  an  average  of  less  than  seven 
seconds.  In  the  remaining  cases,  two  or  three  or  even 
four  passes  were  made  to  fill  the  dipper  to  the  satis- 
faction of  the  shovel  runner.  The  result  was  an 
occasional  extension  of  the  time  required  in  fiUing  the 
dipper  to  as  much  as  a  full  minute.  The  average 
time  for  all  of  the  studies  was  12.2  seconds.  Figures 
6,  9,  and  12  show  the  results  where  the  operator 
regularly  made  only  one  pass  with  the  shovel,  loading 
whatever  he  was  able  to  secure.  In  these  figures  are 
noted  the  small  number  of  very  long  readings,  and 
such  as  occurred  were  due  principally  to  stumps  or 
heavy  rocks. 

Table  2  shows  the  time  required  in  making  two  or 
more  passes  to  load  the  dipper  where  the  shovel  was 


operating  in  ordinary  gravelly  clay  in  moist  to  wet 
condition  I  he  average  time  for  loading  the  dipper 
when  only  one  pass  was  necessary  was  7.2  seconds. 
When  two  passes  were  required  the  time  rose  to  14  1 
seconds  and  to  21.2  seconds  for  three  passes.  Thus, 
each  additional  pass  increased  the  time  required  to 
load  the  dipper  by  95  per  cent  above  the  time  required 
where  only  one  pass  was  necessary. 


9    in   II    12  13  14  IS  16  17  18  19  ZO  Z\  IZ  23  24  25  26  27  28  29  30  31  32 

time  loading  .dipper -seconds 
Fig.  12. — Diagram  Showing  Percentage  of  Loading  Oper- 
ations  Performed   in    Various   Time    Intervals.     Based 
on  734  Loadings  of  IJ^^-Yard  Shovel  Working  in  2J^  to 
7  Feet  of  Clay  With  a  Few  Bowlders 

average  time  during  this  study  for  the  full  cycle  of 
loading,  dumping,  and  return,  however,  was  20  seconds, 
since  the  swing  was  rather  long  and  the  material  suf- 
ficiently moist  to  hang  somewhat  in  the  dipper. 

JOB  CONDITIONS  DETERMINE   WHETHER  MORE  THAN  ONE  PASS 
OF  DIPPER  IS  JUSTIFIED 

Special  attention  is  drawn  to  Figures  9  and  11  as 
examples  of  good,  consistent  operation.  In  the  case 
shown  in  Figure  8,  work  was  in  somewhat  sticky  clay 
in  which  it  was  hard  to  secure  a  full  load.     In  about 


Loose,  Dry  Material  P'alling  from  Top  of  Dipper 

Table  2. —  Time  required  in  making  multiple  passes  in  loading 
dipper  in  a  moist  to  wet  gravelly  clay 


Number  of  passes 

Number 

of 
observa- 
tions 

Average 

time  per 

dipper 

load 

1 

1,332 
298 
82 
32 

Seconds 

2 

14  1 

3 

4 

27  6 

Total  or  average .__ 

1,744 

9  4 

But  production  is  the  product  of  the  number  of 
dipper  loads  and  the  average  quantity  per  dipper  load. 
Consequently,  the  value  of  making  additional  passes 
is  dependent  on  the  amount  of  material  which  such 
passes  will  add  to  the  dipper  load  and  the  speed  at 
which  the  shovel  is  operating.  If  a  ^-yard  shovel  is 
operating  in  fairly  good  common  in  which  the  average 
dipper  load  is  about  0.5  cubic  yard  of  inaterial  as 
measured  in  place,  and  the  average  operating  cycle 
is  20  seconds,  then  production  is  at  an  average  rate  of 
0.025  cubic  yard  per  second.  If  a  second  pass  to  fill 
an  occasional  dipper  is  to  be  profitable,  it  must  serve  to 
increase  the  dipper  load  at  least  at  this  rate,  for  the  time 
required  to  make  the  extra  pass.  Thus,  if  six  seconds 
are  required  to  make  an  extra  pass  under  the  above 
conditions,  it  would  not  be  warranted  unless  at  least 
0.15  cubic  yard  could  be  added  to  the  load.  In  other 
words,  whenever  the  first  pass  secured  as  much  as 
three-fourths  of  an  average  dipper  load  a  second  pass 
would  not  be  warranted,  considering  the  case  from  the 
viewpoint  of  shovel  output  alone. 

NOT  POSSIBLE  TO  FORMULATE  DEFINITE  RULES  OF  PROCEDURE 

Definite  rules  can  not  be  formulated  since  each 
operation  is  interrelated  with  many  other  possible 
conditions  surrounding  the  entire  job.  It  is  possible 
to  show  the  principles  which  apply  and  by  means  of 
which  the  proper  procedure  can  be  determined.  It 
has  been  stated  that  the  importance  of  securing  a  full 
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dipper  load  is  greatest  when  the  time  required  to  load 
the  dipper  is  in  smallest  ratio  to  the  total  shovel  cycle, 
and  vice  versa.  Therefore,  more  attention  to  secm'ing 
a  large  dipper  load  is  justified  when  loading  at  the  rear 
of  the  shovel  than  when  the  loading  is  at  the  side.  In 
shallow  cuts,  where  much  skimming  is  required,  dipper 
loads  are  almost  certain  to  average  a  low  quantity. 
Keeping  the  boom  lower  than  normal  will  generally 
help  in  securing  larger  loads.  On  such  work  a  con- 
siderable nmount  of  time  is  consumed  in  moving  the 
shovel.  If  there  is  any  considerable  amount  of  it, 
the  contractor  may  well  consider  the  advisibility  of 
using  some  other  method  on  such  portion  of  the  work. 

It  is  not  possible  to  state  categorically  that  any  one 
system  of  operation  is  always  to  be  preferred.  In  the 
case  illustrated  by  Figure  8  the  swing  was  long  and 
there  was  not  enough  hauling  equipment  on  the  job; 
so  lengthening  the  dipper  cycle  in  order  to  secure  a  full 
dipper  load  did  not,  in  fact,  subtract  much  from  the 
shovel  output,  while  it  tended  to  insure  a  full  wagon- 
load  every  trip  which  increased  the  job  output.  In 
the  cases  shown  in  Figures  9  and  12  the  shovel  was  a 
1 3^-yard  machine  and  two  full  dippers  overloaded  the 
wagons.  As  long  as  the  operator  could  get  one  full 
dipper  load  out  of  two,  he  could  send  the  wagons  to  the 
dump  well  loaded  without  making  multiple  passes. 
On  this  job  the  wagon  supply,  generally  speaking,  was 
above  average  so  that  fast  operation  was  desirable. 

But,  aside  from  the  conditions  prevailing  on  these 
two  jobs  and  the  rates  attained,  these  two  figures  show 
several  of  the  general  characteristics  of  what,  under 
normal  working  conditions,  would  be  good  operation 
and  poor  operation.  A  good  operator  working  in 
anything  like  good  material  under  favorable  conditions 
of  depth  and  face  of  cut  obtains  a  loading  diagram  for 
his  dipper  like  those  in  Figures  6,  9,  and  12.  A  poor 
operator  always  has  an  operating  record  more  or  less 
like  those  in  Figures  8  and  10.  On  the  jobs  represented 
by  the  first  set  of  graphs  the  shovel  was  so  handled  that 
the  desired  load  was  obtained  quickly  with  one  pass  of 
the  shovel.  On  the  jobs  represented  by  the  second  set 
the  rate  was  slower,  and  frequently  two,  three,  or  more 
passes  were  made  to  fill  the  shovel. 

SLOW  LOADING  MAY  BE  CAUSED  BY  SEVERAL  FACTORS 

The  position  of  the  shovel  with  reference  to  the  face 
of  cut  is  in  no  small  degree  responsible  for  the  repeated 
passes  some  shovel  runners  make  in  filling  the  dipper. 
The  dipper  is  actuated  by  two  separate  and  distinct 
motions — one,  known  as  the  "hoist,"  tends  to  raise  the 
dipper  in  a  vertical  circle  about  the  point  of  intersec- 
tion of  the  boom  and  the  dipper  stick,  while  the  other, 
known  as  the  "crowd,"  controls  the  length  of  the 
radius  of  the  arc  in  which  the  "hoist"  moves  the  dipper. 
In  loading,  the  "crowd"  is  used  to  force  the  dipper 
against  the  face  of  the  cut,  and  on  the  swing  to  spot 
the  dipper  correctly  over  the  hauling  unit.  When  the 
dipper  stick  is  in  a  vertical  position  the  combined 
motion  of  the  "crowd"  and  the  "hoist"  can  drive  the  cut- 
ting edge  of  the  dipper  almost  straight  forward  several 
feet,  and  when  the  dipper  stick  is  horizontal  the  crowd 
serves  to  hold  the  cutting  edge  of  the  dipper  hard  into 
the  bank. 

When  loading  the  dipper  from  a  bank  less  than  2  feet 
high,  direct  thrust  forward  into  the  bank  is  required, 
while  on  a  bank  6  or  more  feet  high  the  loading  is 
generally  best  done  by  a  longer  swinging  motion  in 
which  a  comparatively  thin  slice  is  cutlrom  the  bank. 
For  some  reason  it  appears  to  be  difficult  to  find  opera- 


tors who  will  perform  both  operations  equally  well. 
To  make  the  shovel  function  smoothly  where  the  bank 
is  low,  it  must  stand  close  to  the  bank  with  the  boom 
somewhat  lower  than  normal  and  must  be  moved  for- 
ward frequently.  This  is  because  the  forward  thrust 
of  the  dipper  resulting  from  the  proper  combination  of 
the  "hoist"  and  "crowd"  only  reaches  a  relatively 
short  distance.  Cutting  from  a  high  bank  is  best  done 
after  the  dipper  has  begun  to  turn  definitely  upward  in 
its  swing,  which  requires  that  the  shovel  should  stand 
well  back  from  the  bank  with  the  boom  high.  The 
superintendent  who  will  watch  this  matter  closely  and 
drill  his  shovel  runners  in  the  proper  positioning  of  the 
shovel  for  efl'ective  dipper  loading  will  find  the  results 
gratifying. 

In  addition  to  these  causes  of  slow  loading,  viz,  poor 
handling  of  the  dipper  itself  and  improper  position  of 
the  shovel  with  reference  to  the  face  of  the  cut,  the 
material  itself  is  responsible  for  a  good  deal  of  slow 
digging.  Banks  composed  of  good-sized  rocks  em- 
bedded in  a  stiff  clay  are  particularly  troublesome. 
The  runner  can  not  see  such  rocks,  and  when  the  dipper 
strikes  one  it  may  be  necessary  to  draw  back  and  try 
again.  Often  two  or  three  passes  must  be  made — 
sometimes  twice  that  many — before  either  a  load  of 
loose  material  is  secured  or  the  exact  position  of  the 
rock  defined  so  that  it  can  be  picked  up. 

Tables  3  and  4  show  something  of  the  effect  of  the 
material  on  the  time  required  for  filling  the  dipper. 
Table  3  contains  a  few  good  illustrations  of  fast  work 
in  good  common  by  shovel  No.  1.  A  comparison  of 
these  tables  will  give  a  very  fair  impression  of  the  dif- 
ference between  work  in  good  ground  and  work  in 
difficult  material.  They  do  not  show  the  quantities 
moved,  but,  in  general,  fast  operation  in  good  material 
was  accompanied  by  large  dipper  loads  and  the  quantity 
decreased  with  difficulty  in  loading  as  indicated  by  the 
time  factor. 

Table  3. — Effect  of  material  on  time  required  to  load  a  ^-yard 
dipper  as  indicated  by  one-hour  stop-watch  studies  with  same 
operator  throughout  on  each  shovel 

SHOVEL  NO.  1 


Kind  and  character  of  material 


Light  sandy  loam,  free  from  roots  and  stones 

Do 

Loamy  clav,  free  from  roots  and  stones 

Do..-- 

Do.- 

Light  clay  and  loam  top  soil,  no  roots  or  stones 

Light  clay  with  small  amount  of  soft  shale 

Loam 

Light  clay,  free  Warn  roots  and  stones 

Light  clay  with  small  amount  of  shale. 

Do 

Light  clay  with  increasing  amoun  t  of  shale 

Loamy  clay,  with  some  roots - 

Ordinary  clay,  free  from  roots  and  stones 

Loamy  clay - 

Light  clay  and  soft  shale 

Loamy  clay  with  loose  rock  in  old  roadbed 

Clay  with  50  per  cent  loose  shale 

Hard  clay  with  loose  rock  in  old  roadbed 

Hard  clay  with  loose  rock 

SHOVEL  NO.  2 


Time  to 

load 

dipper 


Seconds 
3.3 
3.3 
4.5 
4.7 
4.8 
4.9 
5.0 
5.3 
5.6 
6.7 
5.8 
5.9 
6.0 
6.2 
6.5 
6.6 
8.2 
10.7 
15,9 
16.3 


Height 
face 


Feet 

10.0 
7.0 
6.5 
6.0 

10.0 
2.0 
5.0 
5.0 

10.0 

10.0 
4.0 
7.0 
6.5 
4.5 
0.  3-1.  5 
8.0 
2.0 
6.5 
0.25-2.5 
2,0 


Light,  loamy  clay,  no  stones  or  roots 

5.2 
5.3 
5.7 
6.0 
6.7 
6.9 
7.5 
8.2 
9.2 
9.4 
11.0 

5.5 

Do 

4.0 

Light  clay,  free  from  stones  or  roots -      --.--.. 

4.0 

Light  clay,  practically  free  from  roots  and  stones 

3.5 

Light  clay  with  old  hard  roadbed  on  one  side 

Do 

6.0 
4.0 

Light  to  medium  clay 

4.5 

Clay  and  soft  shale... i.. 

2.0 

Light  clay  with  small  amount  of  rock,  side  hill  cut 

0-4.0 

Clav  and  soft  shale 

7.0 

Sandstone,  soft  enough  to  crumble  in  hand 

11  0 
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^Ifa?  \JJZtl7Zt  V::tS>T:f  tTJ^sSrilth    ^^^^^  ^-^-P---  of  corvine,  snnng  and  return  time  for  .a- 
the   average    time   of  loading  fell    within   the   range   indicated  ''"'''  '^^''  ""^  P"^"'"  ^'"'^^'« 

Stud.es  were  made  on  a  great  many  typical  jobs  '        IThe  values  are  averages  from  fleld  studies  under  ordinary  operating  conditions] 


Average    time    to 
load  dipper  (sec- 
onds) 

Loam,  loamy,  sandy,  grav- 
elly, or  friable  materials, 
practically  free  from  roots, 
bowlders,  etc. 

Ordinary    clays,    ordinary 
soils,  and  friable  materials 
with   few  roots  or  loose 
rock,  etc. 

a  o 
"o  "    . 

^  >*^ 
v3  k.  O 
X]  c3  1- 

is 

rt  a  rt 

.a  o9 

"3 

J3 
M 

M 

3 

Fairly   well   blasted   rock, 
loose  rock  and  bowlders, 
hard  or  tough  clay  with 
rocks,  etc. 

s  « 

—      a 

&3  2 
O 

Is 

M  a 

o  a" 

OT) 

3  to  4 

1 
7 

18 
2 

4to5 



5  to  6 



6to7 

18 
12 
5 

7  to  8 

1 

8  to  9 

11 
13 
26 



1 

9tol0 

r" 



lOtolI 

6 
21 

11 
7 

2 
4 
9 
5 
9 
3 
2 

11  to  12 

12  to  13 

13  to  14 

4 
7 
10 
7 
6 
1 

" 

14  to  15 

15  to  16 

1 

1 

........ 

16  to  17 

17  to  18 

'1 

.---.. 

18  to  19 

"            i 

19  to  20 

...... 

9 
3 
7 
4 

20  to  22 

22  to  24 

24  to  26 

1 

26  to  28 _. 

28  to  30 

30  to  35 

1 

35  to  40 

1 

2 

1                                 1                         1 

Average  time  of 
loading  in  sec- 
onds .. 

5  2 

7.1 

9.7 

11.9 

12  4 

17.6 

17.4 

23.9 

LARGE  ANGLE  OF  SWING  CAUSES  CONSIDERABLE  TIME  LOSSES 

Figures  13  to  15  show  the  time  consumed  in  making 
the  swing  and  retiirning  the  dipper  for  various  angles 
of  swing  on  three  jobs.  Under  perfect  operating  con- 
ditions curves  showing  the  rate  of  swing  would  probably 
be  straight  lines  except  for  the  influence  of  acceleration. 
That  the  points  for  one  set  of  final  observations  do  not 
all  fall  on  the  same  line  is  due  to  the  fallibillity  of  the 
operator  and  the  many  other  factors  influencing  per- 
formance; each  individual  swing  ordinarily  being  sub- 
jected to  a  set  of  conditions  different  in  some  particular 
from  the  others. 

The  curves  have  not  been  projected  to  intercept  the 
X-axis,  since  measurements  were  not  made  of  the  time 
loss  in  accelerating  the  dipper,  but  inspection  of  these 
and  other  graphs  not  shown  indicates  that  the  x- 
intercept  or  lag  in  getting  the  dipper  started  on  the 
swing  is  variable  for  different  shovels.  It  appears  that 
the  types  of  shovels  with  a  slow-swing  speed  have  a 
shorter  lag,  so  that  the  actual  time  required  for  the 
swing  and  return,  as  shown  in  Table  5,  is  often  as  short 
or  shorter  for  the  slow-speed  types  so  long  as  the  angle 
of  swing  is  small,  but  on  the  longer  swings  the  higher 
speed  types  are  considerably  faster.  Figures  16,.  17, 
and  18  also  show  the  variations  found  in  the  swing 
and  return  time  under  actual  field  operation. 

The  portion  of  the  swing  and  return  time  which 
has  here,  for  want  of  a  better  term,  been  designated 
as  the  "lag"  is  evidently  the  sum  of  two  or  more 
factors.  Time  is  required  for  the  operator  to  react 
and  manipulate  the  necessary  mechanism,  and  it  is 
also  required  to  accelerate  the  shovel   and   its   load 

85094—28 2 
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Handling  Difficult  Material  Greatly  Increases  the 
Cycle  Time 

from  rest  and  again  to  decelerate  it  at  the  end  of 
the  swing.  While  it  is  very  difficult  to  separate  the 
lag  into  its  purely  personal  and  mechanical  factors, 
the  studies  show  very  conclusively  that  the  personal 
element  involved  is  sufficiently  large  to  warrant  care- 
ful consideration  because  of  its  effect  on  the  rate  of 
production.  For  a  good  operator  these  reaction  lags 
are  small — generally^  less  than  one  second.  For  a 
slow  operator  they  will  run  twice  this  or  even  more. 
The  difference  of  one  or  two  seconds  seems  like  a 
trifling  matter,  but  the  use  of  an  operator  who,  because 
of  these  losses,  takes  18  seconds  where  only  15  are 
necessary,  reduces  the  rate  of  production  almost  17 
per  cent.  To  change  an  operator  making  a  load  every 
18  seconds  for  a  man  who  takes  20  seconds  reduces  the 
rate  of  output  about  10  per  cent.  With  a  good  wagon 
supply  and  production  running  at  a  high  rate,  this 
can  easily  reduce  the  value  of  the  output  secured  from 
$20  to  $25  a  day — about  twice  the  ordinary  wages  of  a 
first-class  operator.  It  never  pays  to  hire  cheap,  poorly 
trained  operators  on  any  sort  of  work  requiring  fast, 
uniform,  consistent  operation,  and  there  is  no  point 
in  highway  work  where  this  is  more  true  than  on 
power  shovels. 

Reverting  to  the  swing  itself  and  starting  with  the 
90°  swing  (loading  at  the  side  of  the  shovel)  which  in 
good  common  and  under  favorable  conditions  can  be 
done  in  15  seconds,  an  extension  of  the  swing  to  180° 
(loading  back  of  the  shovel)  extends  the  cycle  by  from 
three  to  eight  seconds,  depending  on  the  type  of  shovel 
used  and  the  skill  of  the  operator.  As  a  general' average 
it  may  be  said  that  loading  behind  the  shovel  extends  a 
15-second  cycle  to  20  seconds,  and  by  so  doing  reduces 
the  attainable  rate  of  output  25  per  cent. 
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There  is  much  work  where  loading  at  the  side  of  the 
shovel  is  impossible,  largely  because  of  narrow  cuts. 
Deep  cuts  sometimes  make  loading  at  the  side  impossible 
if  the  whole  cut  is  taken  out  at  one  operation.     In 
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Fig.  13. — Influence  of  Angle  of  Swing  on  Time  of  Swing 
AND  Return  Based  on  506  Operations  of  a  %-Yard 
Shovel  Handling  Poorly  Blasted  Rock.  Note  that 
THE  Points  Located  for  Time  of  Swing  are  Much  More 
Irregular  Than  Those  for  Time  of  Return.  This  is 
Explained  in  Part  by  the  Extra  Care  Required  in 
Handling  Bowlders.  Average  Rate  of  Swing  32°  Per 
Second.     Average  Rate  op  Return  46°  Per  Second 

general,  however,  there  are  many  more  situations  where 
side  loading  could  be  practiced  than  are  now  utilized. 
Many  contractors  apparently  feel  that  there  are  so 
many  places  where  side  loading  can  not  be  done  that 


A  Full  Dipper  Load  Being  Spotted  for  Dumping 

nothing  substantial  can  be  gained  by  training  their  men 
to  utihze  such  opportunities  as  occur.  The  advantage 
of  such  methods  depends  largely  on  the  available 
supply  of  transportation  which  will  be  discussed  in  a 
following  article. 

Extending  the  average  swing  to  270°  is  unqualifiedly 
objectionable  and  especially  so  where  slow-swing  shovels 
are  used.  This  extends  the  cycle  to  25  or  more  seconds 
and  correspondingly  reduces  the  rate  of  output.  Such 
operation  may  be  caused  by  a  cab  arrangement  where 
it  i-s  hard  for  the  operator  to  see  out  of  one  side  of  it. 
To  avoid  swinging  his  load  over  objects  he  can  not  see 
clearly  and  running  the  risk  of  dropping  material  on 
men  or  animals  he  can  not  see,  the  longer  swing  is 
sometimes    used.     Poor    vision    also    interferes    with 


spotting  the  dipper  exactly  before  dropping  the  load. 
Hauling  units  are  usually  placed  for  a  swing  from  one 
side.  This  is  important  if  rock  is  being  handled,  for 
while  a  good  operator  seldom  drops  any  material  it 
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Fig.  14. — Influence  of  Angle  of  Swing  on  Time  of  Swing 
and  Return  Based  on  2,069  Operations  of  a  %-Yard 
Shovel  Working  in  Clayey  Gravel.  Average  Rate  of 
Swing  37.5°  Per  Second.  Average  Rate  of  Return 
46°  Per  Second 
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Fig.  15. — Influence  of  Angle  of  Swing  on  Time  of  Swing 
and  Return,  Based  on  1,788  Operations  op  a  ^-Yard 
Shovel  Working  in  Gravel  and  Loose  and  Blasted 
Shale.  Average  Rate  of  Swing,  18°  Per  Second.  Aver- 
age Rate  of  Return,  22°  Per  Second 

takes  very  little  to  seriously  injure  a  man  or  an  animal. 
As  a  general  rule,  it  may  be  said  that  an  average  swing 
of  much  over  180°  is  the  result  of  improper  equipment 
or  faulty  operating  methods,  but  that  occasions  may 
arise  when  it  is  better  to  make  a  few  270°  swings  than 
to  change  the  loading  position  of  the  hauling  equipment. 
Table  6  shows  the  average  time  used  in  loading, 
swinging,  dumping,  and  returning  the  dipper  for 
several  jobs  where  the  swing  ranged  from  30°  to  270° 
and  when  the  swing  was  90°  or  less.  It  is  apparent 
that  when  the  point  of  loading  and  the  point  of  dump- 
ing are  within  the  operator's  vision  at  the  same  time 
he  can  keep  his  mind  far  enough  ahead  of  his  work  so 
that  his  general  reactions  are  faster  and  all  of  his 
operations  are  conducted  with  more  confidence.  As 
he  digs  his  load  he  determines  where  he  will  dump  and 
the  manipulations  necessary  in  the  process.  As  he 
drops  it  he  determines  where  he  will  get  the  next  bite, 
and  so  on.  The  saving  in  time  is  small  per  load,  but  it 
is  enough  to  make  considerable  difference  in  the  day's 
run. 
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Table  6.~Time  required  to  load,  swing,  dump,  and  return  shovel 
on  various  jobs  where  the  swing  varied  from  80°  to  270°  and  on 
the  same  jobs  where  it  did  not  exceed  90° 

ANGLES  OF  SWING  FROM  30°  TO  270° 


Shovel 

Read- 
ings 

Number 
2, 033 
1,788 
2,642 
2,069 

868 
1,734 

Load 

Swing 

Dump 

Return 

Total 
cycle 

Type  A,  Delaware  County,  N.  Y 
Do 

Seconds 
12.8 
12.7 
9.7 
10.0 

10.3 
9.4 

Seconds 
4.6 
8.3 

6.1 
7.1 

5.3 
4.5 

Seconds 
2.7 
4.0 
3.3 
4.4 

3.5 
2.1 

Seconds 
4.2 
7.5 
6.3 
7.6 

5.4 
5.5 

Seconds 
24.3 

Type  B,  Pike  County,  Pa 

Type  C,  Pike  County,  Pa 

Type    D,    Columbia    County, 
N.  Y ■^ 

32.5 
25.4 
29.1 

Type  E,  Hughes  County,  bkia.. 

24.5 
21.5 

ANGLES  OF  SWING  90°  OR  LESS 


Type  A,  Delaware  County,  N.  Y 
Do.. _ 

Type  B,  Pike  County,  Pa  .. 

Type  C,  Pike  County,  Pa 

Type    D,    Columbia    County, 
N.  Y 

Type  E,  Hughes  County,  Okia.. 


1,781 

11.9 

4.2 

2.3 

3.8 

645 

13.6 

4.2 

3.0 

4.1 

1,625 

8.9 

4.6 

2.9 

5.2 

634 

10.0 

5.3 
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Fig.  16. — Percentage  of  Operations  of  Swinging,  Dump- 
ing, AND  Returning  Performed  in  Various  Time  Inter- 
VALS.i  Based  on  1,058  Cycles  of  a  ^-Yard  Shovel  Work- 
ing IN  Sticky  Clay  with  an  Angle  op  Swing  of  From 
45°  to  90°.  Average  Time  of  Swing  4.42  Seconds.  Aver- 
age Time  of  Dumping,  4.31  Seconds.  Average  Time  of 
Return,  4.86  Seconds 

1  Each  of  these  curves  (figs.  16  to  19)  is  in  reality  formed  from  the  sum  of  a  num- 
ber of  superimposed  curves  having  the  general  form  of  the  skewed  probability 
curve,  but  in  the  interest  of  clearness  the  points  from  actual  field  readings  have 
been  connected  by  straight  lines. 
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Fig.  17. — Percentage  of  Operations  of  Swinging,  Dump- 
ing, and  Returning  Performed  in  Various  Time  Inter- 
vals.' B.A.SED  on  658  Cycles  of  a  ^-Yard  Shovel  Work- 
ing IN  Sticky  Clay  with  an  Angle  of  Swing  of  From 
150°  to  180°.  Average  Time  of  Swing,  6.23  Seconds. 
Average  Time  of  Dumping  4.33  Seconds.  Average 
Time  of  Return  6.10  Seconds 

DUMPING  THE  DIPPER 

The  ne.xt  item  in  the  list  going  to  make  up  the  full 
cycle  is  discharging  the  load.  This  is  an  operation 
which  requires  great  skill  if  it  is  to  be  done  rapidly. 
The  load  must  not  be^  dropped  from  too  great  a  height 
or  the  wagon  will  be  damaged,  and  it  must  not  be 
dropped  too  soon  or  too  late  or  much  of  it  will  fall 
outside  of  the  wagon.  If  the  load  is  composed  of 
loose  common — light  loam,  sand,  loamy  clay,  or  rathei 
fine  gravel — an  experienced  shovel  runner  will  drop  it 
just  as  the  swing  ends  and  be  ready  to  start  the  return 
as  soon  as  the  dipper  comes  to  a  stop.  In  such  ma- 
terial the  fast  operator  really  takes  no  time  to  drop 
the  load,  the  time  consumed  being  only  that  needed 
to  stop  the  dipper  and  then  start  it  on  the  return 
swing,  and  this  can  be  done  regularly  in  one  second. 
Wet,  sticky  clays  and  other  adhesive  materials  often 
require  considerable  shaking  or  jarring  to  get  them 
out  of  the  dipper.  The  time  required  depends  on  the 
skill  of  the  operator  but  more  largely  on  the  average 
amount  of  shaking  and  jarring  necessary  to  get  them 
out  of  the  dipper.  It  is  not  unusual  to  find  dumping 
time  in  sticky  materials  regularly  running  as  high  as 
five  or  six  seconds,  though  it  necessarily  varies  with  the 
degree  of  adhesiveness  of  the  material.  Considerable 
care  must  be  taken  by  the  operator  to  prevent  injury 
to  the  wagons  or  trucks,  which  naturally  slows  down 
the  rate  of  operation  and  large  chunks  often  hang  or 
wedge  in  the  dipper  and  require  manipulation  to  re- 
lease them.  Roots  and  stumps  are  often  very  trouble- 
some in  this  respect. 

Table  7  shows  how  the  average  dumping  time  is 
affected  by  the  kind  and  character  of  the  materials 
found  from  one-hour  stop-watch  studies.  Figures  16, 
17,  and  18  show  the  time  used  in  dumping  material 
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from  the  dipper  into  the  wagons  or  trucks  under  typical 
conditions.  Figure  19  shows  the  average  dumping 
time  for  a  number  of  classes  of  material  as  found  from 
the  analysis  of  10,200  readings  secured  on  13  different 


Table  7. — Effect  of  character  of  material  on  time  required  to  load 
and  dump  dipper 
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Fig.  18. — Percentage  op  Operations  of  Swinging,  Dump- 
ing, AND  Returning  Performed  in  Various  Time  Inter- 
vals. Based  on  1,322  Cycles  of  a  IJ^-Yard  Shovel 
Working  in  Clay  with  Some  Bowlders  with  an  Angle 
of  Swing  Varying  from  45°  to  90°.  Average  Time  of 
Swing,  4.62  Seconds.  Average  Time  of  Dumping,  2.23 
Seconds.     Average  Time  of  Return  5.49  Seconds 

jobs  with  various  grades  of  operators  and  six  different 
makes  of  shovels.  It  will  be  noted  that  a  considerable 
percentage  of  the  operations  were  performed  very 
rapidly. 

CRAWLER-TRACTION   SHOVELS   HAVE   BIG    ADVANTAGE  IN  SPEED 
OF  MOVEMENT 

The  movement  of  the  shovel  within  the  cut  to  keep 
within  easy  reach  of  the  face  constitutes  a  definite 
limitation  to  uninterrupted  repetition  of  the  dipper 
cycle  and  is  a  check  on  production  which  can  not  be 
entirely  removed.  The  best  that  can  be  done  is  to 
train  the  operator  to  make  these  moves  as  expedi- 
tiously as  possible.  In  deep  cuts  the  time  required  is 
small,  generally  less  than  1  per  cent,  where  shovels 
with  the  latest  crawler-type  traction  are  used.  In 
shallow  cuts,  however,  the  proportion  mounts  very 
rapidly  and  cases  where  8  to  10  per  cent  of  the  total 
time  is  used  in  moving  the  shovel  are  not  imcommon, 
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Fig.  19.— Number  of  Dumping  Operations  Performed  in 
Various  Time  Intervals  in  Different  Kinds  of  Material. 
Based  on  10,200  Observations  on  13  Different  Jobs 

especially  where  the  operator  is  slow  or  where  the 
mechanism  is  in  poor  condition.  Because  of  the  general 
prevalence  of  insufficient  hauling  equipment  it  has 
become  a  more  or  less  accepted  practice  to  consider 
the  time  required  for  moving  the  shovel  as  of  no  im- 
portance, since  it  can  usually  be  done  while  waiting 
for  teams  or  trucks.  This  may  seem  like  a  good  way 
of  neutralizing  an  inherent  shortcoming  of  the  shovel, 

(Continued  on  p.  274) 


COMPARATIVE    TESTS    OF    CRUSHED-STONE    AND 
GRAVEL  CONCRETE  IN  NEW  JERSEY 

REPORT  ON  COOPERATIVE  TESTS  CONDUCTED  BY  THE  NEW  JERSEY  STATE  HIGHWAY  COMMISSION  AND 

THE  U.  S.  BUREAU  OF  PUBLIC  ROADS 

Reported  by  F.  H.  JACKSON,  Engineer  of  Tests,  Division  of  Tests,  U.  S.  Bureau  of  Public  Roads 

Such  a  condition  would  not  in  itself  warrant  any 
change  in  the  existing  methods  of  proportioning.  It 
must  be  remembered,  however,  that  the  arbitrary  pro- 
portions which  are  set  are  only  a  means  to  an  end  which, 
in  this  case,  is  the  production  of  concrete  possessing  cer- 
tain definite  essential  physical  properties.  If  a  specifi- 
cation is  to  be  considered  adequate  it  must  be  assumed 
that,  as  long  as  the  various  details  of  the  specifications 
relative  to  materials  and  construction  processes  are 
complied  with,  concrete  of  substantially  uniform  qual- 
ity will  be  obtained;  in  other  words,  that  any  variation 
in  either  type  or  gradation  of  aggregate  within  the 
specification  limits  will  not  result  in  any  essential 
change  in  the  quality  of  the  product. 

The  standard  road  specifications  of  the  New  Jersey 
Highway  Commission  require  that  concrete  for  pave- 
ments shall  be  mixed  in  the  proportions  of  1  part  cement 
to  1^  parts  sand  and  33^  parts  coarse  aggregate  by 

volume  measured  in  a  loose, 
dry  condition.  In  the  de- 
termination of  the  field 
mix,  the  amount  of  sand  is 
proportioned  on  a  dry,  loose 
basis;  that  is,  a  bulking 
correction  is  made.  Either 
crushed  rock  or  gravel  con- 
forming to  certain  require- 
ments as  to  quality  and  gra- 
dation may  be  used.  This, 
as  has  been  pointed  out, 
results  in  the  production  of 
more  concrete  per  unit  vol- 
ume of  cement  when  gravel 
is  used  as  coarse  aggre- 
gate than  when  stone  is  used,  due  of  course,  to  the 
higher  void  content  of  the  crushed  stone  aggregate. 

It  has  been  repeatedly  urged  by  the  crushed-stone 
interests  in  New  Jersey  that  concrete  produced  from 
crushed  stone  is  of  a  better  quality  than  that  produced 
from  gravel  due  to  the  difference  in  character  of  these 
two  aggregates  and  to  the  higher  cement  content  of  the 
stone  concrete,  as  expressed  in  terms  of  volume  of 
cement  required  to  produce  a  unit  volume  of  concrete. 
If  these  claims  are  true,  they  are  of  considerable  sig- 
nificance, because  it  means  that,  if  the  gravel  concrete 
produced  under  the  present  specifications  is  satisfactory 
in  quality,  the  use  of  crushed  stone  results  in  the  pro- 
duction of  a  higher  quality  of  concrete  than  is  demanded 
by  the  minimum  requirements  of  the  specifications. 
If,  on  the  other  hand,  the  crushed-stone  concrete  is  no 
better  than  it  should  be,  the  obvious  conclusion  is 
that  the  gravel  concrete  will  not  meet  the  minimum 
requirements.  In  either  event,  if  it  is  shown  that  the 
type  of  aggregate  does  affect  the  quality  of  the  concrete 
to  an  appreciable  degree,  some  readjustment  should 
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DURING  the  summer  of  1926  the  New  Jersey  State 
Highway  Commission,  working  in  cooperation 
with  the  Bureau  of  Public  Roads,  conducted  a 
series  of  concrete  tests  at  the  Trenton  laboratory  of  the 
commission,  for  the  purpose  of  determining  the  relative 
quality  and  economy  of  concrete  paving  mixtures  in 
which  13  different  gradations  of  crushed  stone  (trap) 
and  gravel  were  used  as  coarse  aggregate.  The  inves- 
tigation involved  the  making  and  testing  of  approxi- 
mately 150  concrete  beams,  8  by  8  by  48  inches  in  size 
and  250  concrete  cylinders  6  by  12  inches  in  size. 

This  report  describes  in  order  (1)  the  various  reasons 
which  led  up  to  the  investigation,  (2)  the  procedure  fol- 
lowed, (3)  the  results  secured,  and  (4)  the  conclusions 
reached,  and  makes  certain  recommendations  relative 
to  the  appHcation  of  these  results.  It  should  be  borne 
in  mind  that  this  series  of  tests  was  initiated  for  the  pur- 
pose of  studying  the  relative  merits  of  two  different 

types  of  coarse  aggregate    . 

produced  under  certain  con- 
ditions. The  results  can 
therefore  be  considered  as 
applicable  only  to  the  same 
kinds  of  material,  produced 
in  a  similar  manner.  In  order 
to  make  possible  the  draw- 
ing of  more  general  conclu- 
sions as  to  the  effect  of  type 
and  gradation  of  coarse  ag- 
gregate upon  the  quality  of 
concrete  a  series  of  tests 
has  been  started  at  the 
Arlington  laboratory  of  the 
bureau.  These  tests  are 
similar  to  those  described  here  but  involve  seventeen 
types  of  coarse  aggregate  instead  of  two.  It  is  antici- 
pated that  conclusions  suitable  for  general  application 
will  be  justified  by  these  tests,  but  in  the  meantime 
those  presented  here  should  not  be  considered  as  hav- 
ing any  application  beyond  the  particular  conditions 
involved. 

REASONS  LEADING  TO  INVESTIGATION  DISCUSSED 

The  practice  followed  in  New  Jersey  and  most  other 
States  of  specifying  the  same  proportions  of  cement  and 
graded  aggregate  for  concrete,  regardless  of  the  void 
content  of  these  aggregates,  has  resulted  in  securing  for 
gravel  aggregate  an  appreciable  economic  advantage 
due  to  the  increased  yield  of  concrete  obtained  from  the 
gravel  aggregate  on  account  of  its  low  void  content, 
as  well  as  its  lower  cost  compared  with  that  of 
crushed  stone.  These  facts,  together  with  the  other 
natural  advantages  possessed  by  gravel,  such  as  the  in- 
creased workability  of  the  resulting  concrete,  have  made 
its  use  in  general  more  economical  than  crushed  stone. 


THE  CONCLUSIONS  drawn  from  these  tests  should 
not  be  interpreted  as  indicating  that  crushed 
stone  as  a  type  is  superior  to  gravel  as  coarse 
aggregate  for  cement  concrete  pavements,  but  only  as 
indicating  that  for  the  particular  conditions  and  kinds 
of  materials  involved,  concrete  in  which  crushed  trap 
rock  was  used  showed  an  average  flexural  strength 
approximately  12  per  cent  higher  than  similar  concrete 
in  which  gravel  was  used. 

Tests  now  in  progress  at  the  Arlington  Laboratory 
using  17  different  coarse  aggregates  give  prehminary 
indications  that  materials  similar  to  those  used  in  this 
investigation  will  give  similar  results,  but  also  that  the 
characteristics  of  the  particular  aggregate  used  may 
be  fully  as  important  as  the  type  of  material  to  which 
it  belongs. 
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be  permitted  in  order  to  insure  concrete  of  equal  quality- 
irrespective  of  the  type  of  aggregate  used. 

SCOPE  OF  TESTS  AND  MATERIALS  DESCRIBED 

Recognizing  the  importance  of  this  problem  from 
both  the  engineering  and  economic  points  of  view,  the 
Bureau  of  Public  Roads  and  the  New  Jersey  State 
Highway  Commission  undertook  a  study  of  the  ques- 
tion through  a  series  of  carefully  controlled  laboratory 
tests]Jto  determine  the  following: 

1.  The  relative  strength  and  yield  of  crushed-stone 
and  gravel  concrete  of  the  same  proportions  and  con- 
sistency, and  with  the  same  size  and  grading  of  coarse 
aggregate. 

2.  vVhat  grading  of  coarse  aggregate  and  what  pro- 
portions of  fine  to  coarse  would  give  the  greatest  yield 
for  each  type  of  aggregate,  when  the  concrete  is  de- 
signed for  a  given  strength. 

In  discussing  the  essential  characteristics  of  paving 
concrete,  it  is  herein  assumed  that  in  so  far  as  strength 
is  concerned,  resistance  to  bending  or  flexure  is  of  more 
significance  than  is  resistance  to  crushing.  Many  en- 
gineers, in  designing  concrete  pavements,  employ  the 
flexural  strength  of  the  concrete  in  calculations  for  edge 
and  center  thickness  of  slabs  under  given  conditions  of 
load  and  accept  it  as  the  criterion  of  quality  rather 
than  the  compressive  strength.  It  is  obvious,  there- 
fore, that  factors  influencing  flexural  strength  are  of 
critical  importance  in  so  far  as  pavement  concrete  is 
concerned. 

To  secure  flexural-strength  tests  that  would  not  be 
unduly  influenced  by  the  size  of  the  aggregates  used, 
it  was  decided  to  make  the  major  strength  comparisons 
from  the  results  secured  with  concrete  beams  8  by  8 
by  48  inches  in  size,  tested  as  cantilevers  for  flexural 
strength  using  a  device  similar  to  that  described  by 
Clemmer  m  Public  Roads  for  May,  1926.  It  was 
also  decided  to  use  the  ends  of  the  beams  from  the 
flexure  tests  as  compression  specimens  in  determining 
the  crushing  strength  of  the  concrete  as  well  as  the 
6  by  12  inch  cylinders  which  were  cast  for  this  particular 
purpose.  Tests  were  to  be  made  on  all  specimens 
at  the  age  of  28  days,  as  well  as  additional  series  of 
tests  on  the  1:  1^  :  33^  specimens  at  the  age  of  six 
months.  Accurate  measurements  of  the  yield  of  con- 
crete obtained  from  each  batch  were  also  to  be  taken. 

Thirteen  gradations  of  crushed  trap  rock  and  gravel 
were  employed,  ranging  from  a  3-inch  maximum  down 
to  a  1-inch  maximum  size.  Well-graded  and  poorly 
graded  combinations  were  used,  the  object  being  to 
cover  quite  a  wide  range  of  coarse- aggregate  gradations 
within  these  limits.  The  exact  screen  analysis  of  each 
combination  is  shown  in  Table  1  and  is  plotted  graphi- 
cally in  Figures  1  and  2,  which  also  show  the  present 
New  Jersey  State  requirements  for  crushed  stone  for 
concrete  pavements.  State  requirements  for  gravel 
for  concrete  are  similar  to  those  for  crushed  stone 
except  that  more  material  finer  than  one-half  inch 
is  permitted  in  the  gravel  than  the  crushed  stone. 
For  convenience  in  visualising  the  gradings  of  the 
coarse  aggregate,  the  fineness  modulus  of  each  combi- 
nation was  calculated  and  is  shown  in  Table  2,  together 
with  the  "maximum  size,"  a  value  to  be  used  in 
connection  with  any  design  calculations  which  might 
be  made  by  the  fineness-modulus  method.  This 
table  also  shows  the  percentage  of  fine  aggregate 
required    by    the   fineness-modulus   method   for    each 


DIAMETER    OF    CIRCULAR   OPENINGS-INCHES 


Fig.  1. — Relation  Between  Aggregate  Gradings  and 
State  Specifications  for  Size  of  Crushed  Stone.  Areas 
Cross  Hatched  Indicate  Specification  Limits 
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Fig.  2. — Relation  Between  Aggregate  Gradings  and  State 
Specification  for  Size  of  Crushed  Stone.  Areas 
Cross  Hatched  Indicate  Specification  Limits 
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Table 

1. — Gradings  of  coarse  aggregates  used 

in  tests 

Coarse 
aggre- 

Total per  cent  passing  screens  with  round  openings 

gate 

grading 

No. 

3-inch 

2H-inch 

2-inch 

IH-inch 

1-inch 

M-inch 

H-inch 

J4-inch 

}^-inch 

1 

2...    . 

100 
100 

80 
75 

100 
*      100 

100 

65 
50 
86 
75 
65 
100 
100 
100 
100 

45 
25 
70 
55 
35 
85 
70 
60 
40 
100 
100 
100 

30 
0 
50 
35 
0 
60 
40 
20 
30 
80 
60 
40 
100 

15 

5 

0 

3 

40 
25 

25  1            5 
15  1            5 

0 

4 

5 

0 

6 

40 
30 
0 
25 
60 
40 
10 
50 

30              10 

0 

7. 

20 

6 

0 

8 

9 

20 
40 

15 

5 

10 
5 

5 

10 

0 

11. 

0 

12 

0 

0    

13 

gradation  calculated  on  the  basis  of  the  sand  employed 
in  these  tests. 

The  crushed  stone  was  obtained  from  Boimd  Brook, 
N.  J.,  and  the  gravel  from  Morrisville,  Pa.  The  rock 
is  representative  of  the  extensive  deposits  of  basalt 
(trap  rock)  quarried  in  northern  New  Jersey.  This 
material  is  very  hard  and  tough,  showing  a  percentage 
of  wear  of  2.2  (French  coefficient  equals  18.2),  apparent 
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specific  gravity  of  2.97  (weight  per  cubic  foot,  solid, 
185  pounds),  and  a  water  absorption  of  0.05  per  cent. 
The  gravel  is  representative  of  material  of  the  type 
used  extensively  throughout  this  region.  It  consists 
essentially  of  rounded  fragments  of  sandstone,  flint, 
and  quartz,  has  an  apparent  specific  gravity  of  2.65 
(weight  per  cubic  foot  solid,  of  165  pounds)  and  a 
water  absorption  of  0.68  per  cent. 

Table  2. — Fineness  moduli  of  aggregates  used  in  tests 


Coarse  aggregate  grading  No. 

Maximum 
size 

Fineness 
modulus 

Sand  re- 
quired • 

1 

Inches 
3 
3 
3 
3 
3 

VA 
2 
2 
2 
1 

m 
1 

8.0 
8.6 
7.5 
7.9 
8.4 
7.2 
7.6 
8.0 
7.6 
6.8 
7.3 
7.7 
7.2 
3.2 

Per  cent 

31 

2 

39 

3                

30 

4 

30 

5 

37 

6          

35 

7 

30 

8 

37 

9          

32 

10 

39 

11 

37 

12    

42 

13 

45 

Sand              

1  Calculated  by  fineness-modulus  method  for  a  designed  strength  of  3,500  pounds 
per  square  inch,  slump  of  1  inch  and  with  the  sand  employed  in  these  tests. 

The  fine  aggregate  used  in  the  tests  was  also  obtained 
at  Morrisville,  Pa.,  and  meets  all  the  conventional 
tests  for  first-grade  concrete  sand.  The  physical 
properties  of  the  sand  are  shown  below.  Its  apparent 
specific  gravity  was  2.65  (weight  per  cubic  foot,  solid, 
165  pounds  and  its  weight  per  cubic  foot,  dry,  and 
shaken  to  refusal  108  pounds). 

Physical  properties  of  fine  aggregate  consisting  essentially  of  suhan- 
gular  quartz  grains  containing  some  chert  and  sandstone 

Sieve  analysis: 

Total  retained  on  J^-inch  screen per  cent..  7 

No.  10  sieve do 24 

No.  20  sieve do 38 

No.  30  sieve do 62 

No.  50  sieve do 86 

No.  100  sieve do 95 

Silt  and  clay do 1.  8 

Weight  per  cubic  foot  (.shaken  to  refusal)  ..pounds..  108 

Tensile  strength  ratio  at  7  days per  cent..  123 

28  days do 120 

The  cement  was  a  standard  Portland  passing  all 
physical  test  requirements.  It  was  a  brand  used  ex- 
tensively in  New  Jersey. 

Table  3. — Weight  per  cubic  foot  and  percentage  of  voids  of  coarse 

aggregates 


apparent  specific  gravities  and  the  unit  weights  are 
shown  in  Table  3.  These  values  were  used  in  all  calcu- 
lations of  volume-weight  relations. 

TEST  PROCEDURE  FOR  SERIES  A 

In  series  A  the  concrete  was  proportioned  by  volume, 
using  a  nominal  mix  of  1 :  1^:  3H-  As  far  as  could  be 
measured  by  the  use  of  the  flow  table,  a  constant  con- 
sistency was  maintained  throughout  the  series,  the 
quantity  of  water  being  varied  as  necessary.  The 
flow  test  was  made  on  the  30-inch  flow  table,  using 
30  drops  from  a  height  of  one-half  inch.  In  this 
report  the  flow  is  expressed  as  the  final  diameter  in 
tenths  of  inches  of  a  truncated  cone  of  concrete,  which 
had  an  original  diameter  at  the  base  of  10  inches.  For 
example,  a  flow  of  140  indicates  a  final  diameter  of  the 
base  of  14  inches.  The  consistency  employed,  which 
was  as  nearly  as  possible  that  required  in  actual  con- 
struction, gave  a  flow  of  140  corresponding  to  a  slump 
of  from  1  inch  to  2  inches.  It  was  found  necessary  to 
vary  the  water-cement  ratio  from  0.67  to  0.83  in  order 
to  maintain  a  constant  consistency  throughout  th  e 
range  of  coarse-aggregate  gradings.  The  water-cement 
ratios  used  in  series  A  are  given  in  Table  4.  No  cor- 
rection for  water  absorbed  by  the  aggregate  was  made 
in  calculating  these  values. 

Table  4. — Water-cement  ratio  used  in  series  A  to  produce  concrete 
of  uniform  consistency 

[Proportions;  1 :  IM :  3}^  by  volume.    Consistency:  Flow  equals  approximately  140] 


Crushed  stone 

Gravel 

Coarse  aggregate  grading  No. 

Weight 

per  cubic 

foot 

Voids 

Weight 

per  cubic 

foot 

Voids 

1                        - 

Pounds 
110 
97 
106 
103 
94 
102 
103 
97 
104 
97 
98 
94 
90 

Per  cent 
41 
48 
43 
44 
49 
45 
44 
48 
44 
48 
47 
49 
51 

Pounds 
108 

97 
107 
108 

96 
106 
105 

97 
107 
105 
104 

98 

96 

Per  cent 
34 

2 

41 

3                               

35 

4                                                -. 

34 

5 

42 

36 

7 - 

36 

8 

41 

9 _ 

35 

xo                                  

36 

11 

37 

12                                          _   

41 

13                                      

42 

Coarse  aggregate 
grading  No. 

Water- 
cement 
ratio  for 

stone 
concrete 

Water- 
cement 
ratio  for 
gravel 
concrete 

Coarse  aggregate 
grading  No. 

Water- 
cement 

ratio  for 
stone 

concrete 

Water- 
cement 
ratio  for 
gravel 
concrete 

1 

0.76 
.69 
.76 
.72 
.68 
.76 
.74 

0.76 
.70 
\    .77 
.70 
.66 
.75 
.72 

8 

0.71 
.76 
.83 
.74 
.73 
.79 

0.74 

2 

9 

.74 

3 

10 

.78 

4 

11 

.74 

5 

12 

.70 

6 

13 

.74 

The  percentage  of  voids  for  each  aggregate  m  each 
of  the  13  grading  combinations  as  calculated  from  the 


The  actual  quantities  of  materials  required  for  each 
batch  of  concrete  were  determined  by  weight,  using 
the  volume-weight  relations  given  in  Table  3.  A  suf- 
ficient quantity  of  each  size  of  aggregate  was  weighed 
for  each  batch,  so  as  to  secure  the  required  total  vol- 
ume. In  this  way,  all  tendency  toward  segregation 
was  avoided.  In  order  to  properly  gauge  the  quantity 
of  water  required  for  each  test  batch,  a  trial  batch  of 
the  same  proportions  was  mixed  by  hand  and  the 
proper  amount  of  water  determined  by  trial.  This 
procedure,  while  adding  considerably  to  the  labor  in- 
volved, resulted  in  test  batches  of  much  greater  uni- 
formity in  consistency  than  would  otherwise  have  been 
possible. 

The  actual  test  batches  were  mixed  in  a  1-bag 
gasohne-driven  mixer.  For  the  gradings  numbered  1 
to  5,  inclusive,  the  quantities  of  materials  used  in 
each  batch  were  based  on  a  coarse  aggregate  volume 
of  1.8  cubic  feet,  producing  a  slight  excess  of  concrete 
over  that  required  for  one  beam.  For  the  gradings 
numbered  6  to  13,  inclusive,  quantities  were  based  on 
a  coarse-aggregate  volume  of  2.4  cubic  feet,  producing 
sufficient  concrete  for  one  beam  and  three  cylinders. 
All  batches  were  mixed  for  two  minutes  after  all  in- 
gredients had  been  added.  After  mixing,  the  batch 
was  dumped  upon  a  water-tight  platform,  flow  tests 
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for  consistency  made,  and  specimens  cast.  Concrete 
was  rodded  into  molds  in  accordance  with  aproved 
methods  of  molding.  Accurate  determinations  of 
yield  were  made  by  determining  both  the  volume  and 
the  weight  of  the  concrete  remaining  after  the  speci- 
mens had  been  cast. 

Specimens  were  cured  for  24  hours  under  damp 
cloths  in  the  laboratory,  after  which  the  forms  were 
removed  and^the  specimens  placed  in  a  moist  room 
until  tested.  Tests  were  made  at  28  days  and  at  6 
months. 

To  eliminate  the  effect  of  other  variables  on  the 
relative  strength  of  the  crushed-stone  and  gravel  con- 
crete, specimens  employing  crushed  stone  and  gravel 
of  the  same  gradation  were  always  cast  in  pairs. 
The  entire  series  of  gradations  was  also  completed 
before  being  repeated,  several  days  usually  elapsing 
between  the  first  and  second  rounds.     Variations  in 


temperature  and  humidity  conditions  throughout  the 
test  were  compensated  for  in  this  way,  making  possible 
a  more  satisfactory  comparison  of  the  effect  of  aggx-e- 
gate  grading  on  strength. 

In  testing  the  beams  for  flexural  strength,  two  breaks 
were  made  on  each  specimen  and  the  results  averaged 
and  reported,  after  calculation,  as  the  modulus  of  rup- 
ture for  the  round.  (See  Table  5.)  The  correspond- 
ing values  for  round  2  were  obtained  in  the  same  way. 
The  average  of  the  two  rounds  was  reported  as  the 
average  value  for  the  type  of  aggregate,  the  grading, 
and  the  age  involved.  Each  average  value  for  modulus 
of  rupture  represents  four  breaks  on  two  specimens 
tested  on  different  days. 

Average  compression  test  values,  as  given  in  Table  6, 
were  obtained  in  the  same  manner,  except  those  for 
gradings  Nos.  6  to  13,  inclusive,  each  value  for  each 
round  is  the  average  of  tests  on  three  cylinders. 


Table  5. 


'Flexural  strength  of   concrete  specimens  of  series  A  mixed  in  the  proportions  1  :  1^ :  S}/2  by  volume  inojninal  mix)  and 

with  a  flow  of  approximately  140^ 


Coarse  aggregate  grading  No. 

Modulus  of  rupture,  28-day  tests 

Modulus  of  rupture,  6-month  tests 

Stone 

Gravel 

Stone 

Gravel 

Round 
No.  1 

Round 
No.  2 

Average 

Round 

No.  1 

Round 
No.  2 

Average 

Roimd 
No.  1 

Round 
No.  2 

Average 

Round 
No.  1 

Round 
No.  2 

Average 

1 

2 

3 

Lbs.  per 
sq.  in. 
545 
535 
620 
600 
540 
550 
505 
515 
550 
575 
690 
525 
555 

Lbs.  per 
sq.  in. 
565 
515 
575 
630 
625 
555 
465 
515 
630 
610 
610 
585 
575 

Lbs.  per 
sq.  in. 
555 
525 
600 
615 
580 
550 
485 
515 
590 
590 
650 
555 
565 

Lbs.  per 
sq.  in. 
475 
470 
455 
520 
530 
455 
435 
435 
490 
540 
560 
520 
565 

Lbs.  per 
sq.  in. 
530 
455 
510 
530 
555 
490 
480 
475 
605 
555 
490 
465 
535 

Lbs.  per 
sq.  in. 
500 
460 
480 
525 
540 
470 
460 
455 
550 
550 
525 
490 
550 

Lbs.  per 
sq.  in. 
610 
610 
630 
680 
675 
705 
680 
770 
700 
605 
670 
675 
690 

Lbs.  per 
sq.  in. 
670 
690 
655 
650 
705 
770 
655 
660 
780 
735 
645 
685 
720 

Lbs.  per 
sq.  in. 
640 
600 
640 
665 
690 
740 
670 
715 
740 
670 
660 
680 
705 

Lbs.  per 
sq.  in. 
590 
575 
580 
605 
610 
625 
635 
655 
695 
595 
645 
580 
630 

Lbs.  per 
sq.  in. 
585 
590 
560 
600 
590 
555 
555 
560 
675 
640 
550 
555 
580 

Lbs.  per 
sq.  in. 
590 
580 
570 

4 

5- 

6  . 

600 
600 
690 

7 

8 

695 
610 

9 

685 

10.. 
11.. 
12.. 
13.. 

Average 

620 
600 
670 
605 

570 
650 
485 

505 
550 
455 

680 
740 
600 

600 

Maximum 

685 

Minimum 

570 

'  Determinations  made  on  concrete  beams  8  by  8  by  48  inches  in  size,  tested  as  cantilevers.    Each  value  is  the  average  of  two  breaks  on  one  beam. 

Table  6. — Compressive  strength  of  concrete  specimens  of  series  A  mixed  in  the  proportions  1  :l^:S]/2  by  volume  {nominal  mix)  and 

with  a  flow  of  approximately  I40  ' 


Crushin};  strength,  28-day  tests 

Crushing  strength,  6-month  tests 

Coarse  aggregate  grading  No. 

Stone 

Gravel 

stone 

Gravel 

Round 

No.  1 

Round 
No.  2 

Average 

Round 

No.  1 

Round 

No.  2 

Average 

Round 

No.  1 

Round 
No.  2 

Average 

Round 

No.  1 

Round 
No.  2 

Average 

1__ ._ 

Lbs.  per 
sq.  in. 
4,255 
3,955 
4,300 
3,  630 
3,510 
3,285 
3,145 
3,230 
3,215 
3,830 
3,715 
3,530 
3,540 

Lbs.  per 
sq.  in. 
3,160 
3,050 
3,385 
3,470 
3,760 
2,860 
2,920 
2,720 
3,505 
3,020 
3,285 
2,410 
2,890 

Lbs.  per 
sq.  in. 
3,710 
3,500 
3,840 
3,550 
3,635 
3,070 
3,030 
2,975 
3,360 
3,425 
3,500 
2,970 
3,215 

Lbs.  per 
sg.  in. 
3,580 
3,600 
3,595 
3,255 
3,475 
3,070 
3,115 
2,740 
2,860 
3,620 
3,635 
3,640 
3,600 

Lbs.  per 
sq.  in. 
3,020 
3,455 
3,665 
3,440 
3,370 
2,890 
3,360 
2,685 
3,510 
3,600 
3,490 
3,070 
3,725 

Lbs^per 
sq.  in. 
3,300 
3,530 
3,580 
3,350 
3,420 
2,980 
3,240 
2,710 
3,185 
3,610 
3,560 
3,305 
3,660 

Lbs.  per 
sq.  in. 

Lbs.  per 
sq.  in. 

Lbs.  per 
sg.  in. 

Lbs.  per 

sg.  in. 

Lbs.  per 
sq.  in. 

Lbs.  per 
sg.  in. 

2 

3__ _ 

None  made. 

4 _.. 

5 

6 _.. ___ 

4,630 
4,050 
4,  535 
3,880 
4,695 
4,780 
4,420 
4,030 

5,085 
4,205 
3,405 
4,090 
3,945 
3,295 
3,725 
3,595 

4,860 
4,130 
3,970 
3,985 
4,320 
4,040 
4,070 
3,810 

3,345 
4,090 
4,420 
3,740 
4,220 
4,610 
4,205 
4,495 

4,700 
4,145 
3,110 
4,570 
4,525 
3,655 
4,305 
4,695 

4,020 
4,120 
3,765 
4,155 
4,370 
4,130 
4,256 
4,595 

7 

8 _.. ._.. 

9 

10 

11.... 

12. 

13 

Average 

3,370 
3,840 
2,970 

3,340 
3,660 
2,  710 

4,150 
4,860 
3,810 

4,180 

Maximum. 

4,595 

Minimum 

3  765 

1  For  coarse  aggregate  gradings  Nos.  1  to  6,  inclusive,  crushing-strength  tests  were  made  on  portions  of  beams  from  flexure  tests;  each  value  is  the  average  of  two  tests 
For  coarse  aggregate  gradings  Nos.  6  to  13,  inclusive,  crushing-strength  tests  were  made  on  6  by  12  inch  cylinders;  each  value  is  the  average  of  three  tests. 
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gravel  concrete  when  proportioned  in  accordance  with 
current  New  Jersey  specifications  and  w^th  the  various 
coarse-aggregate  gradings  indicated. 

The  results  of  the  flexure  tests  at  both  28  days  and 
6  months  are  given  in  Table  5  and  are  plotted  in  Figure 
3.  An  examination  of  this  table  indicates  that  the 
crushed-stone  concrete  is  considerably  higher  in  flexural 
strength  than  the  gi-avel  concrete.  ^  The  average 
mcrease  for  all  13  gradations  is  seen  to  be  65  pounds 
per  square  inch  at  28  days,  and  80  pounds  per  square 
mch  at  6  months;  approximately  13  per  cent  in  both 
cases.  The  concordance  of  the  results  is  quite  remark- 
able in  view  of  the  rather  Umited  number  of  test 
specimens  involved.  Out  of  a  total  of  52  pairs  of  test 
specimens  in  the  group,  the  crushed-stone  concrete 
shows  higher  flexural  strength  in  49  cases;  the  values 
are  the  same  in  one  case  and  the  gravel  concrete  shows 
higher  values  in  two  cases.  An  inspection  of  the 
averages  of  the  two  rounds  shows  the  crushed-stone 
concrete  higher  in  all  cases,  as  is  indicated  graphically 
in  Figure  3.  The  results  given  in  Table  6  and  plotted 
in  Figure  4,  however,  indicate  that  this  difference  is 
not  reflected  in  the  crushing  strength  of  the  concrete, 
the  crushed-stone  concrete  in  this  case  averaging  prac- 
tically the  same  as  the  gi-avel  concrete  at  each  period. 
These  tables  and  figures  do  not  reveal  any  consistent 
relation   between  either  maximum  size  or  gradation 


TEST  PROCEDURE  FOR  SERIES  B 

In  series  B  an  entirely  different  method  of  propor- 
tionmg  was  employed,  but  the  various  details  of  mixing, 
molding,  curing,  and  testing  were  exactly  the  same  as 
jn  series  A.  In  this  series  the  concrete  was  designed 
according  to  the  so-called  trial  method  application  of 
the  water-cement  ratio  theory  which  is  being  advocated 
by  the  Portland  Cement  Association  and  which  is 
described  in  a  bulletin  '  published  by  the  association. 
The  design  called  for  a  crushing  strength  at  28  days  of 
3,500  pounds,  using  a  water-cement  ratio  of  0.72. 
The  object  was  to  secure  data  showing  how  variations 
in  the  type  and  gradation  of  coarse  aggregate  and  the 
ratio  of  fine  to  coarse  aggregate  would  affect  the 
strength  and  yield  when  proportioned  by  the  trial 
method. 

To  secure  a  uniform  consistency  as  used  in  series  A 
but  with  a  constant  water-cement  ratio,  the  procedure 
in  determining  the  proper  proportions  was  as  follows : 

A  paste  of  water  and  cement  in  the  ratio  required 
(0.72)  was  prepared  and  added  to  a  mixture  of  fine  and 
coarse  aggregate  until  a  consistency  was  obtained  ap- 
proximating a  flow  of  140.  Three  mixtures  of  fine 
and  coarse  aggregate  were  used.  They  were  propor- 
tioned by  volume  in  the  following  ratios,  33:67,  36:64, 
and  40:60.  Trials  were  made  with  small  hand-mixed 
batches  for  each  type  and  grading  of  coarse  aggregate, 
using  each  of  the  ratios  of  fine  to  coarse  aggregaterand 
the  proportions  for  the  test  batches  were  calculated 
from  the  resulting  weights.  The  calculated  proportions 
in  series  B  for  all  combinations  are  given  in  Table  7. 
This  work  was  done  in  strict  accordance  with  the  pro- 
cedure recommended  by  the  Portland  Cement  Associa- 
tion for  the  design  of  concrete  mixtures. 

There  were  slight  differences  in  consistency  between 
the  machine-mixed  batches  and  the  small  trial  batches, 
even  when  gauged  with  the  same  amount  of  water,  and 
some  preliminary  experimental  work  was  necessary  to 
establish  the  relation  between  the  two.  After  a  little 
experience  it  was  found  possible  to  proportion  the  trial 
batches  for  a  water-cement  ratio  of  0.72,  so  that  the 
consistency  of  the  large  test  batches  after  two  minutes 
mixing  would  not  vary  more  than  rb  5  points  from  a 
flow  of  140.  Any  batches  showing  a  greater  deviation 
were  discarded. 

The  necessity  of  maintaining  a  uniform  consistency 
was  recognized.  It  is  realized,  of  course,  that  there  is 
an  intimate  relation  between  consistency,  water-cement 
ratio,  and  proportions  for  different  gradations  of 
aggregate.  If  any  two  of  these  factors  are  kept  con- 
stant, it  is  necessary  to  vary  the  other  whenever  the 
aggregate  grading  varies.  In  this  case  only  the  coarse 
aggregate  varied  and  the  sand  remained  constant.  In 
series  A  the  proportions  and  consistency  were  kept 
constant  and  the  water-cement  ratio  varied,  while  in 
series  B  the  consistency  and  water-cement  ratio  were 
kept  constant  and  the  proportions  varied.  The  latter 
is,  of  course,  the  rational  method  if  we  assume  that 
strength  is  proportional  to  water-cement  ratio  within 
the  range  of  workable  mixtures. 

STRENGTH  DATA  OBTAINED  IN  SERIES  A  DISCUSSED  ,         •    ,  n  i 

of  coarse  aggregate  and  the  strength,  either  flexural  or 

As  previously  stated,  the  tests  included  in  series  A    crushing.     This  is  not  particularly  surprising  in  visw 

were  made  to  obtain  some  definite  information  as  to    of  the  small  number  of  specimens  of  each  gradation 

the  relative  strength  and  yield  of  crushed-stone  and    represented.     This  would  seem  to  indicate  that  possibly 

— — variations   in   grading   do   not   have   a   very   marked 

1  DESIGN  AND  CONTROL  OF  CONCRETE  MIXTURES,  published  by  the  Portland  Cement    gf^gg^  uDon  Strength,  at  least  in  SO  far  as  concrete  of 

Association,  Chicago,  HI.  ^i^^^^    ^^  t,       , 
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this  particular  proportion  (1  :  1%  -.^Vi)  is  concerned. 
It  is  true  that  a  number  of  the  mixes  were  undersanded 
when  judged  by  the  standard  set-up  by  the  fineness- 
modulus  method  of  proportioning.  Gradings  Nos.  2, 
5,  8,  10,  11,  12,  and  13  when  proportioned  by  this 
method  would  require  a  sand-coarse  aggregate  ratio 
of  approximately  2  :  3  instead  of  1  :  2  as  given  by  the 
1  :  1^  :  33^  mix. 

In  the  case  of  the  smaller  aggregates,  as  for  instance 
gradings  Nos.  10  to  13,  inclusive,  it  is  probable  that 
this  additional  sand  would  have  necessitated  sufficient 
additional  water  for  the  same  consistency  to  cause  an 
appreciable  lowering  of  the  strength.  Variations  in 
the  water-cement  ratio  required  because  of  variations 
in  coarse-aggregate  grading  with  a  fixed  quantity  of 
sand,  as  used  in  this  series  (Table  4)  do  not  appear  to 
be  sufficient  to  aft'ect  the  strength  consistently.  This 
fact  is  of  considerable  practical  significance  because  it 
indicates  that  changes  in  the  water  content  made 
necessary  on  the  job  to  maintain  a  given  consistency 
when  variations  in  coarse-aggregate  grading  occur 
do  not  affect  the  strength  as  much  as  is  sometimes 
supposed.  There  is,  however,  a  very  appreciable 
effect  on  yield,  and  therefore  on  relative  economy, 
which  will  be  discussed  later. 

STRENGTH  DATA  OBTAINED  IN  SERIES  B  DISCUSSED 

The  data  secured  as  the  result  of  tests  of  series  B  are 
interesting  because  we  have  not  only  an  opportunity 
to  study  variation  in  strength  for  a  fixed  water-cement 
ratio,  but  we  can  also  studj^  the  eft'ect  of  variation  in 
the  ratio  of  sand  to  coarse  aggregate  on  the  strength 
and  yield.  It  will  be  remembered  that  in  this  series 
the  concrete  was  proportioned  by  trial  so  as  to  give  a 
consistency  of  140  by  the  flow  test  for  a  water-cement 
ratio  of  0.72  and  that  three  sand-coarse-aggregate  ratios 
were  employed,  33  :  67,  36  :  64,  and  40:  60.  The  actual 
proportions  which  were  dei'ived  are  given  in  Table  7, 
and  vary  all  the  way  from  a  1  : 1.67  :  2.50  mix  for  grading 
No.  10,  stone  (40:60  ratio),  to  a  1  : 1.98:  3.96  mix  for 
grading  No.  2,  gravel  (33  :  67  ratio).  The  resulting  yield 
and  therefore  economy  of  these  mixes  will  be  discussed 


later.     These  mixes  were  all  designed  to  give  a  crushing 
strength  at  28  days  of  3,500  pounds  per  square  inch. 

Table   7. — Proportions  used  in  series   B  to  obtain  flow  of  I4O 
with  water-cement  ratio  of  0.72 


Coarse 
aggre- 

Ratio sand  to  coarse 

Ratio  sand  to  coarse 

Ratio  sand  to  coarse 

aggregate  33: 67 

aggregate  36:64 

aggregate  40: 60 

gate 

grading 

No. 

Stone 

Gravel 

Stone 

Gravel 

Stone 

Gravel 

1.. 

1:1.68:3.37 

1:1.72:3.44 

1:1.72:3.06 

1:1.81:3.22 

1:1.78:2.67 

1:1.85:2.78 

2_ 

1:1.96:3.92 

1:1.98:3.96    1:1.96:3.49 

1:2.01:3.58 

1:2.05:3.07 

1:2.14:3.21 

3 

1:1.62:3.24 

1:1.68:3.361  1:1.70:3.03 

1:1.82:3.24 

1:1.86:2.79 

1:1.92:2.88 

4_.. 

1:1.79:3.58 

1:1.  63:3.  27i  1:1.84:3.28 

1:1.85:3.29 

1: 1. 93:  2. 90 

1:1.99:2.99 

5 

1:1.88:3.75 

1:1.90:3.801  1:1.97:3.51 

1:1.99:3.55 

1:1.92:2.88 

1:2.18:3.28 

6 

1:1.52:3.04 

1:1.55:3.11    1:1.63:2.90 

1:1.66:2.95 

1:1.84:2.76 

1:1.88:2.82 

7 

1:1.57:3.14 

1:1.70:3.39    1:1.80:3.20 

1:1.73:3.08 

1: 1. 82;  2. 73 

1:1.88:2.82 

8 

1:1.84:3.68 

1:1.87:3.75    1:1.93:3.44 

1:1.95:3.47 

1:2.02:3.03 

1:2.01:3.02 

9 

1:1.67:3.34 

1:1.71:3.42   1:1.90:3.38 

1:1.81:3.22 

1:1.78:2.68 

1:1.89:2.83 

10 

1:1.47:2.94 

1-1.47:2.94!  1:1.53:2.72 

1:1.52:2.71 

1:1.67:2.50 

1:1.78:2.68 

11 - 

1:1.59:3.18 

1:1.62:3.241  1:1.70:3.03 

1:1.72:3.06 

1:1.91:2.87 

1:1.83:2.74 

12 

1:1.72:3.44 

1:1.82:3.64 

1:1.90:3.38 

1:1.80:3.20 

1:2.06:3.09 

1:2.03:3.05 

13 

1:1.62:3.24 

1:1.67.3.35 

1:1.74:3.10 

1:1.71:3.05 

1:1.91:2.86 

1:1.93:2.90 

The  results  of  the  flexural  strength  test  for  each  of 
the  three  aggregate  ratios  are  shown  in  Table  8  and 
are  plotted  in  Figure  5.  Inspecting  general  averages, 
not  only  were  almost  identical  values  for  moduli  of 
rupture  at  28  days  found  as  were  found  for  series  A,  but 
what  is  somewhat  more  significant,  the  same  relative 
increase  in  strength  for  the  crushed-stone  concrete  as 
compared  with  the  gravel  concrete  was  found.  These 
average  values  are  grouped  together  for  comparison  in 
Table  9  and  Figure  6.  The  percentage  of  increase,  is 
however,  not  quite  so  great,  ranging  from  10  per  cent 
for  the  33:67  mix  to  13  per  cent  for  the  40:60  combina- 
tion. 

The  figures  demonstrate  the  danger  of  designing 
concrete  for  resistance  to  flexure  solely  on  the  basis  of 
water-cement  ratio  without  regard  to  the  type  of  aggre- 
gate employed. 

Reverting  again  to  Figure  5  and  discussing  the  detail 
values  for  flexural  strength  in  series  B,  it  is  seen  that 
the  graphs  show  considerable  variation  in  strength. 
Attention  should  be  called,  however,  to  the  fact  that 
the  vertical  scale  to  which  these  values  have  been 
plotted  is  very  large  and  that  in  reality  the  deviations 
from  the  group  averages  are  in  general  quite  small. 
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Coarse  aggregate 
grading  No. 


Table  8. — Flexural  strength  of  concrete  specimens  of  series  B,  28-day  tests  ' 


Ratio  sand  to  coarse  aggregate  33 :  67 


Stone 


Round 
No.  1 


Lbs.  per 
sq.  in. 
660 
520 
570 
580 
690 
590 
565 
525 
575 
600 
595 
560 
665 


Average 

Maximum. 
Minimum. 


Round 
No.  2 


Aver- 
age 


Lbs.  per 
sq.  in. 
540 
450 
640 
620 
525 
555 
545 
550 
605 
645 
555 
570 
630 


Lbs.  per 

sq.  in. 

600 

485 

605 

eoo 

560 
570 
555 
540 
590 
620 
575 
565 
650 


580 
650 
485 


Gravel 


Round 
No.  1 


Lbs.  per 
.  in. 
640 
515 
575 
505 
£05 
530 
555 
490 
510 
505 
515 
515 
530 


Round 
No.  2 


Lbs.  per 
sq.  in. 
530 
515 
540 
500 
530 
500 
510 
485 
400 
590 
500 
500 
585 


Aver- 
age 


Ratio  sand  to  coarse  aggregate  36 :  64 


Stone 


Round 
No.  1 


Lbs.  per 
sq.  in. 
585 
515 
560 
500 
520 
515 
630 
490 
455 
550 
510 
510 
560 


Lbs.  per 
sq.  in. 
615 
565 
560 
605 
560 
580 
665 
585 
600 
600 
600 
575 
595 


525 
585 
455 


Round 
No.  2 


Lbs.  per 
sq.  in. 
585 
560 
635 
655 
505 
640 
590 
475 
555 
580 
590 
600 
585 


Aver- 


Lbs.  per 
sq.  in. 
600 
560 
600 
630 
530 
610 
630 
530 
580 
590 
595 
590 
590 


Gravel 


Round 
No.  1 


Lbs.  per 
sq.  in. 

5:5 
570 
510 
525 
480 
500 
515 
525 
540 
510 
480 
545 
510 


590 
630 
530 


Round 

No.  2 


Lbs.  per 
sq.  in. 
555 
685 
505 
550 
525 
560 
465 
480 
525 
475 
535 
570 
510 


Aver- 


Lbs.  per 
sq.  in. 
540 
630 
510 
540 
500 
530 
490 
500 
530 
490 
510 
560 
510 


525 
630 
490 


Ratio  sand  to  coarse  aggregate  40: 60 


Stone 


Gravel 


Round 
No.  1 


Lbs.  per 
sq.  in. 
690 
720 
585 
555 
495 
600 
565 
550 
575 
580 
575 
620 
595 


Round 
No.  2 


Lbs.  per 

sq.  in. 
565 
595 
645 
570 
525 
605 
585 
545 
575 
575 
530 
535 
565 


Aver-  Round 
age   No.  1 


Lbs.  per 
sq.  in. 
630 
660 
615 
560 
510 
600 
575 
550 
575 
580 
550 
580 
580 


Lbs.  per 
sq.  in. 
575 
625 
475 
525 
545 
530 
470 
490 
545 
540 
420 
490 
495 


580 
660 
510 


Round 
No.  2 


Lbs.  per 
sq.  in. 
550 
520 
505 
510 
520 
535 
550 
545 
490 
520 
465 
455 
535 


Aver- 
age 


Lbs.  per 
sq.  in. 
560 
670' 
490^ 
520 
530 
530 
510 
520 
520 
530 
440 
470- 
515 


515 
570. 
440' 


'Determinations  made  on  concrete  beams  8  by  8  by  48  inches  in  size.    Each  value  is  the  average  of  two  breaks  on  one  beam. 


^J: 

-^ 

'^ 

< 

1 

v-\ 

^ 

/ 

/ 

^ 

y 

^ 

y 

^ 

C^^^ 

^/ 

r^ 

Y 

y 

/- 

y 

< 

Y 

CEMENT  FACTOR -BAGS  PER  CUBIC    YARD 


SERIES    A 
SERIES    6    tii    67) 
SERIES    B    (36    64) 
SERIES    B    (4  0    60) 
STONE       • 
GRAVEL    o 


excess  of  5  per  cent.  This  was  a  poorly  graded  material 
with  a  maximum  size  of  3  inches.  The  most  significant 
detail  as  regards  these  figures,  however,  is  the  fact  that- 
for  all  intents  and  purposes  the  flexural  strengths 
obtained  in  series  B  for  each  type  of  aggregate  are 
practically  uniform,  the  deviation  being  no  more  than 
must  be  expected  even  in  carefully  conducted  laboratory 
work. 

Table  10. — Deviations  in  per  cent  of  individual  values  for  flexural 
strength  from  the  mean  of  eacli  group  and  for  each  material, 
based  on  28-day  tests  ' 


Fig.  6. — Relation    Between    Strength    of    Concrete    and 
Cement  Factor.     General  Averages  fob  all  Gradings 


Table    9. — Comparison    of    average    results    of 
■series  A  and  series  B 


Series 

Coarse  aggregate 

Ratio  of 

fine  to 

coarse 

aggregate 

Average 
modulus 
of  rup- 
ture 

Average 
crushing 
strength 

Average 
cement 
factor 

A 

Stone                              

33:67 
33:67 
33:67 
33:67 
36:64 
36:64 
40:60 
40:60 

Lbs.  per 
sq.  in. 
570 
505 
580 
525 
590 
525 
580 
515 

Lbs.  per 
sq.  in. 
3,370 
3,340 
3,360 
3,360 
3,440 
3,310 
3,600 
3,290 

Bags  per 
cu.  yd. 
6.4 

6.0 

B 

Stone                                         

6.6 

6.1 

B 

Stone            --- 

6.6 

Gravel                          

6.2 

B 

6.8 

Gravel                                     

6.3 

Coarse  aggregate 
grading  No. 

Series  A 

Series  B 

Stone 

Gravel 

Ratio  fine  to 
coarse  aggre- 
gate, 33:67 

Ratio  fine  to 
coarse  aggre- 
gate 36 :  64 

Ratio  fine  to 
coarse   aggre- 
gate 40 :  60 

Stone 

Gravel 

Stone 

Gravel 

Stone 

Gravel 

1                               

Per  ct. 

-3 

-8 

+5 

+8 

+2 

-4 

-15 

-10 

+4 

+4 

+14 

-3 

-1 

Per  ct. 
-1 
-9 
-5 
+4 
+7 
-7 
-9 
-10 
+9 
+9 
+4 
-3 
+9 

Per  ct. 
+i 
-16 

+4 
+3 

Per  ct. 

+11 

-2 

+7 
-5 

Per  ct. 

+2 

-5 

+2 

+7 

-10 

+3 

+7 

-10 

-2 

0 

+1 

0 

0 

Per  ct. 
+3 
+20 
-3 
+3 
-6 
+1 

-5 
+1 
-7 
-3 
+7 
-3 

Per  ct. 

+9 

+14 

+6 

-3 

-12 

+3 

-1 

-5 

-1 

0 

-5 

0 

0 

Per  ct. 

+9 

2                                        .   - 

+11 

3                             _ 

-5 

4      -- 

+1 

5                            -. 

-3         -1 

+3- 

6 

-2 
-4 
—7 
+2 
+7 
-1 
-3 
+12 

-2 

+  ! 
-7 
-13 
+5 
-3 
-3 
+7 

+3 

7                              

-1 

8             - 

+  1 

9                                _. 

+1 

10          - 

+a 

11                       

-15 

12           

-9 

13                                    

0 

Average  deviation. 

6 

7 

5            5 

4 

5 

5 

5 

day    tests    of 

1 — o 

2 -8 

3.- ---- -  +5 

4 --  +8 

5 -  +2 

6 -4 

7 -15 

8             .-._ -  -10 

9 -.-- -  +4 

10 - +4 

11 +14 

12 -3 

13. -1 

Average  deviation.  6 

1  Total  number  of  values,  104.  Number  in  which  deviation  exceeds  10  per  cent,  U ' 
number  in  which  deviation  exceeds  5  per  cent,  38;  number  in  which  deviation  is 
5  per  cent  or  less,  66. 


Note.— Each  value  for  flexural  strength  is  the  average  of  52  tests. 

Each  value  for  crushing  strength  is  the  average  of  68  tests. 

In  series  A  the  proportions  were  1:1M;3H  by  volume;  flow,  140;  water-cement  ratio 
varied  from  0.67  to  0.81.  ,        .,,„,,      j  ^ 

In  series  B  the  proportions  were  determined  by  trial  (Portland  Cement  Association 
method  to  give  a  flow  of  140,  with  a  water-cement  ratio  of  0.72). 

Table  10  shows  the  deviations  in  percentage  of  the 
individual  values  for  each  grading  and  type  of  aggregate 
from  the  group  average.  It  will  be  seen  that  the  aver- 
age deviations  for  the  three  groups  in  series  B  are 
essentially  the  same  and  are  slightly  less  than  those  in 
series  A.  It  is  interesting  to  note  also  that  in  six 
cases  out  of  eight,  grading'^No.  2  shows  a  deviation  in 


The  results  of  crushing  strength  tests  on  specimens 
of  series  B  are  shown  in  Table  11  and  are  plotted  in 
Figure  7.  The  group  averages  are  summarized  in 
Table  9.  As  in  the  case  of  the  flexure  tests,  the  devia- 
tion from  the  averages  are,  in  general,  neither  con- 
sistent nor  of  great  magnitude.  Either  of  the  three 
aggregate  ratios  seem  to  produce  concrete  of  about 
the  same  strength  regardless  of  grading,  which  again 
seems  to  indicate  that  so  far  as  strength  alone  is  con- 
cerned grading  of  coarse  aggregate  within  the  limits 
here  indicated  is  not  an  miportant  factor.  The  words 
"strength  alone"  are  used  here  and  elsewhere  advisedly. 
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Aside  from  the  yield  or  relative  economy  of  the  dif- 
ferent gradations,  which  is  a  subject  entirely  apart 
from  the  question  of  quality,  variations  in  grading 
which  produce  harsh  concrete  difficult  to  handle  and 
place,  will  unquestionably  affect  the  strength  on  the 
job,  because  of  the  invariable  tendency  of  the  concrete 
gang  to  use  excess  water  with  such  a  mix.  In  these 
tests  an  effort  was  made  to  secure  comparable  work- 
ability of  the  different  batches  by  means  of  the  flow 
test.  The  slump  test  was,  of  course,  entirely  unsuited 
to  this  kind  of  work.  The  flow  test  was  used  because 
there  was  nothing  better.  It  is,  however,  not  a  test 
for  workability  in  the  strict  sense  of  the  word,  so  that 
several  of  the  undersanded  mixtures  with  the  ratio  of 
fine  to  coarse  aggregate  of  33  :  67  were  probably 
unworkable  in  the  sense  that  they  would  have  been 

Table    11. — Results   of  crushing   strength   tests   of  specimens   or 
series  B  at  age  of  28  days  ' 

RATIO  OF  FINE  TO  COARSE  AGGREGATE  33:67 


Coarse  aggregate 
grading  No. 

Crushed  stone 

Gravel 

Round 
No.  1 

Round 
No.  2 

Average 

Round 
No.  1 

Round 
No.  2 

Average 

1                            .     . 

Lbs.  per 
sq.  in. 
3,370 
3,370 
4,230 
3,825 
3,590 
3,710 
3,455 
2,950 
3,695 
4,025 
3,710 
3,025 
3,465 

Lbs.  per 
sq.  in. 
3,215 
3,040 
3,860 
4,065 
3,150 
3,205 
3,145 
2,645 
2,985 
3,090 
3,000 
2,580 
2,945 

Lbs.  per 
sq.  in. 
3,290 
3,205 
4,045 
3,945 
3,370 
3,460 
3,300 
2,800 
3,340 
3,560 
3,355 
2,800 
3,205 

Lbs.  per 
sq.  in. 
3,230 
3,220 
3,785 
3,690 
3,820 
3,345 
3,375 
3,200 
3,365 
3,490 
3,635 
3,120 
3,205 

Lbs.  per 
sq.  in. 
3,595 
3,185 
3,855 
3,240 
2,605 
4,075 
3,410 
3,210 
3,720 
3,  405 
2,580 
2,  535 
3,315 

Lbs.  per 
sq.  in. 
3,410 

2      

3,200 

3 

3,820 

4      .                  

3,465 

5 

3,210 

6 

3,  710 

3,390 

8 

3,205 

9      

3,  540 

10 

3,  450 

11 

3,  210 

12 

13 

2,830 
3,260 

Average.,  

3,360 
4,045 
2,800 

3,360 

Maximum 

3,820 

Minimum 

2,830 

1 

RATIO  OF  FINE  TO  COARSE  AGGREGATE  36:64 


1     -. 

3,520 
3,090 
3,975 
3,645 
3,455 
3,790 
3,285 
2,845 
3,125 
3,550 
3,175 
3,025 
3,225 

3,  245 
3,075 
3,560 
4,060 
3,375 
3,805 
3,925 
2,895 
3,190 
3,950 
3,785 
3,310 
3,580 

3,380 
3,080 
3,770 
3,  8.50 
3,415 
3,800 
3,605 
2,870 
3,160 
3,  750 
3,480 
3,170 
3,400 

3,  605 
3,245 
3,165 
3,190 
2,975 
3,190 
3,085 
2,885 
3,170 
3,640 
3,225 
3,440 
2,870 

3,385 
4,015 
3,160 
3,325 
3,685 
3,815 
3,215 
2,725 
3,000 
3,680 
3,  935 
2,990 
3,515 

3  495 

2 

3,630 

3 

3,160 

4.- 

3,260 

5._ 

3,330 

6-    ...  - 

3  500 

7 

3, 150 

8     .. 

2,805 
3,085 
3,660 

9   .   . 

10. 

11.    .. 

3  580 

12 

3,215 

13   .   . 

3  190 

Average 

3,440 
3,850 
2,870 

3,310 

Maximum 

3,660 

Minimum    _ 

2,805 

RATIO  OF  FINE  TO  COARSE  AGGREGATE  40:60 


1 

3,970 
3,335 
3,765 
3,670 
3,500 
4,165 
3,540 
3,200 
3,720 
4,055 
3,610 
3,145 
3,435 

3,  360 
3,  805 
4,065 
4,190 
3,590 
3,  385 
2,865 
3,060 
3,475 
3,920 
3,600 
3,235 
3,905 

3,665 
3,570 
3,915 
3,930 
3,545 
3,775 
3,200 
3,130 
3,600 
3,990 
3,605 
3,190 
3,670 

3,040 
3,490 
3,045 
3,240 
3,365 
3,490 
3,180 
3,285 
3,190 
3,610 
3,480 
3,020 
3,540 

3,460 
3,425 
3,  8.90 
2,895 
3,150 
3,460 
3,  6.30 
3,115 
2,970 
3,260 
3,285 
2,625 
3,365 

3  250 

2 

3  460 

3.    . 

3,470 
3,070 
3  260 

4-. 

5      . 

6 

3  475 

7      .   . 

3  405 

8 

3  200 

9 

3,080 
3,435 
3,380 
2,820 
3  450 

10 

11... 

12.. 

13. _ 

Average 

3,600 
3,990 
3,130 

3  290 

Maximum 

3  475 

Minimum 

2,820 

>  For  coarse-aggregate  gradings  1  to  5,  inclusive,  crushing-strength  tests  were  made 
on  portion  of  beams  from  fiexure  tests.  Each  value  is  the  average  of  two  breaks. 
For  coarse-aggregate  gradings  6  to  13,  inclusive,  crushing-strength  tests  were  made 
on  fi  by  12  inch  cylinders.    Each  value  is  average  of  three  tests. 


difficult  to  place  and  finish  on  the  job.  The  point  that 
it  is  intended  to  emphasize  is,  that  it  was  possible  to 
control  the  water-cement  ratio  in  the  laboratory  but 
it  would  not  be  at  all  easy  in  actual  construction  unless 
the  control  was  very  rigid. 

ABSORPTION  TESTS  MADE 

A  short  series  of  absorption  tests  was  made  on  the 
concrete  of  series  A  at  age  of  six  months.  The  results 
are  given  in  Table  12  and  indicate  that  there  is  prac- 
tically no  dift"erence  between  the  absorption  of  the  stone 
and  the  gravel  concrete.  These  tests  were  made  by 
immersing  samples  of  concrete  from  the  broken  beams 
in  water  for  24  hours  and  noting  the  increase  in  weight. 

T.\BLE    12.— Absorption  tests   on  concrete   of  series  A   at  age  of 
six  months 


Coarse  aggregate 
grading  No. 


1 

Per  cent 
5.5 

2 .  .     _     . 

5.8 

3 

5.9 

4 

4.3 

4.3 

6 

5.6 

i^[\i\l[[W.\\ll\l\\\ 

5.6 
5.0 

9 

6.0 

10 

6.2 

11 

5.2 

12. 

4.9 

13 

5.4 

Average. 


Water  absorbed  by  stone 
concrete 


Specimen 
No.  1 


Specimen 
No.  2 


Per  cent 
5.0 
4.8 
5.6 
5.1 
5.6 
5.6 
5.6 
6.3 
5.8 
5.8 
5.7 
5.0 
5.8 


Average 


Per 


cent 
5.3 
5.3 
5.8 
4.7 
5.0 
5.6 
5.6 
5.7 
5.9 
6.0 
5.5 
5.0 
5.6 


5.5 


Water  absorbed  by  gravel 
concrete 


Specimen 
No.  1 


Per  cent 
4.8 
4.8 
5.6 
4.5 
4.9 
•  5.6 
5.1 
5.0 
4.8 
5.1 
4.8 
5.2 
5.6 


Specimen 
No.  2 


Per 


cent 
5.9 
5.2 
5.5 
5.0 
5.0 
5.8 
4.9 
5.4 
5.2 
6.0 
5.9 
5.8 
5.5 


Average 


Per  cent 
5.4 
5.0 
5.6, 
4.8 
5.0 
5.7 
5.0 
5.2 
5.0 
5.6 
5.4 
5.5 
5.6 


5.3 


YIELD  OF  CONCRETE  DISCUSSED 

A  study  of  the  relative  economy  of  various  concrete 
mixtures,  all  of  which  may  have  the  same  strength,  is 
just  beginning  to  occupy  the  attention  of  engineers  and 
progressive  contractors.  It  was  formerly  assumed  and 
is  still  stated  in  many  handbooks  that,  for  a  given 
proportion  of  cement,  sand,  and  coarse  aggregate,  defi- 
nite amounts  of  materials  are  required  to  produce  a 
cubic  yard  of  concrete.  While  the  values  given  may 
be  correct  as  average  values  it  is  known  that  there  are 
many  factors  which  may  appreciably  alter  any  one  or 
more  of  these  quantities  under  certain  conditions.  In 
this  report  the  writer  is  concerned  primarily  with  the 
effect  of  type  and  gradation  of  coarse  aggregate  on 
yield. 

SERIES  A 

Table  13«gives  the  computed  quantities  of  material 
required  for  1  cubic  yard  of  concrete  for  each  type  and 
gradation  of  aggregate  used  in  these  tests,  while  Table 
14  gives  the  corresponding  solid  volumes  of  the  mate- 
rials and  the  density  of  the  concrete  (total  solids 
expressed  as  a  percentage  of  27  cubic  feet).  Quantities 
of  materials  are  plotted  in  Figures  8  and  9.  These 
figures  illustrate  graphically  the  fluctuations  in  the 
quantities  of  materials  required  to  produce  1  cubic 
yard  of  concrete  due  to  variations  in  the  grading  of  the 
coarse  aggregate.  Assuming  unit  costs  for  cement, 
sand,  and  coarse  aggregate,  these  values  may  be  used 
to  determine  the  cost  of  the  materials  in  a  cubic  yard  of 
concrete  for  each  grading  and  aggregate  type  shown. 
Allowance  shoiUd  be  made  for  the  fact  that  the  figures 
for  any  particular  case  may  be  somewhat  out  of  line 
because  of  inaccuracies  which  result  from  experimental 
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Fig.  7. — Crushing  Strength  of  Concrete  Specimens  of  Series  B  at  Age  of  28  D.\ys 
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Table  13. — Quantities  of  material  required  for  1  cubic  yard  of 
concrete,  using  the  -proportions  1:1^:3}^  by  volume  {nominal 
mix,  series  A) 


Fig. 


I     2     3    4     5    6     7    8     9   10  U    12  13  I     2     3    4     5    6     7     6     9    10  II    12  13 

COARSE    AGGREGATE   GRADING   NUMBERS 

8. — Quantities   of   Materials   Required   for   1    Cubic  Average 


Yard  of  Concrete 


Coarse  aggregate 

Stone 

Gravel 

grading  No. 

Cement 

Sand 

Stone 

Cement 

Sand 

Gravel 

1       _ _ 

Bags 
6.1 
6.4 
6.3 
6.3 
6.8 
6.2 
6.2 
6.5 
6.2 
6.3 
6.4 
6.6 
6.6 

Pounds 
1,160 
1,210 
1,190 
1,200 
1,2S0 
1,170 
1,180 
1,230 

■>  1,170 
1,200 
1,220 
1,250 
1,260 

Pounds 
2,350 
2,180 
2,330 
2,290 
2,230 
2,220 
2,  250 
2,220 
2,250 
2,160 
2,210 
2,170 
2,090 

Bags 
5.9 
6.2 
5.9 
5.7 
6.3 
5.7 
5.8' 
6.1 
5.8 
5.8 
5.9 
6.2 
6.1 

Pounds 
1,120 
1,190 
1,120 
1,080 
1,200 
1,090 
1,100 
1,160 
1,100 
1,100 
1,110 
1.170 
1,150 

Pounds 
2,230 

2                          

2,120 

3              

2,210 

4                              

2,160 

5                   

2.140 

6               

2,140 

7    

2,140 

8                  

2,080 

9           -- 

2,180 

10                  -- 

2.140 

11           

2,130 

12                         

2,110 

13.. 

2,060 

Average 

6.4 

1,210 

2,230 

6.0 

1,130 

2,140 

Table  14. — Solid  volumes  of  material  for  1  cubic  yard  of  concrete 
for  each  mix  of  series  A  and  total  solids  or  density  of  concrete 
expressed  as  a  percentage  of  maximum  possible  density 


Coarse  aggre- 
gate grading 
No. 


Fig. 


coarse  aggregate  gpaoing  numbers 

9. Quantities   of   Materials   Required   for 

Yard  of  Concrete 


1    Cubic 


1            

Cu.ft. 
2.96 

2                     ..".-- 

3.11 

3             

3.06 

4                     

3.06 

5             

3.30 

6     

3.01 

7             

3.01 

8                     --   -- 

3.16 

9             

3.01 

10               

3.06 

11            

3.11 

12                 

3.21 

13           

3.21 

Stone 


Solid  volumes 


Cement 


Sand 


Cu.  ft. 
7.04 
7.33 
7.22 
7.27 
7.76 
7.09 
7.15 
7.45 
7.09 
7.27 
7.39 
7.58 
7.64 


Stone 


Cu.  ft. 
12.70 
11.78 
12.60 
12.38 
12.05 
12.00 
12.17 
12.00 
12.17 
11. 68 
U.94 
11.72 
11.30 


Total 
solids 


Gravel 


Solid  volumes 


Cement 


Per  cent 
84 
81 
85 
84 
86 
82 
83 
84 
83 
81 
83 
83 
82 


Sand    Gravel 


Cu.ft. 

Cu.ft. 

2.86 

6.79 

3.01 

7.21 

2.86 

6.79 

2.77 

6.54 

3.06 

7.27 

2.77 

6.61 

2.82 

6.67 

2.96 

7.03 

2.82 

6.67 

2.82 

6.67 

2.86 

6.73 

3.01 

7.09 

2.96 

6.97 

Cu.  ft. 
13.52 
12.84 
13.40 
13.10 
12.98 
12.98 
12.98 
12.60 
13.21 
12.98 
12.91 
12.79 
12.49 


Total 
solids 


Per  cent 
86 
85 
85 
83 
86 
83 
83 
84 
84 
83 
83 
85 
83 
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■errors.  For  this  reason,  comparisons  of  the  effect  of 
aggregate  type  on  yield  should  only  be  made  on  averages 
for  all  gradations,  as  in  this  way  the  number  of  speci- 
mens tend  to  largely  eliminate  the  effect  of  experimental 
errors.  The  results  for  the  individual  gradings,  how- 
ever, are  of  interest  to  the  extent  that  they  indicate 
general  relationships.  For  example,  Figures  8  and  9 
■show  at  a  glance  the  effect  of  gradings  2,  5,  8,  12,  and  13 
on  the  various  quantities  required  to  produce  a  cubic 
yard  of  concrete.  The  amount  of  cement  and  sand 
required  is  larger  and  the  amount  of  coarse  aggregate 
required  is  smaller  than  where  the  coarse  aggregate 
contains  the  smaller  sizes. 

To  bring  out  certain  possible  cost  relations  and 
illustrate  the  economic  features  involved  in  this  study 
in  a  more  graphic  way  than  could  be  done  by  a  com- 
parison of  quantities  only,  certain  unit  costs  of  materials 
liave  been  assumed.  These  costs  are  said  to  apply 
fairly  well  to  conditions  in  New  Jersey  and  are  as 
follows:  Cement,  60  cents  per  bag;  sand,  50  cents  per 
ton ;  and  coarse  aggregate  $1 .40  per  ton.  The  resulting 
material  costs  per  cubic  yard  are  shown  in  Figures  10 
and  11.  Note  the  relative  high  cost  resulting  from 
the  use  of  gradings  2,  5,  8,  and  12  of  series  A.  The 
value  for  grading  No.  2  crushed  stone  is  evidently  in 
error  as  this  point  should  be  considerably  higher  than 
shown.  On  the  basis  of  the  above  unit  prices,  the 
average  cost  of  materials  for  1  cubic  yard  of  gravel 
concrete  1:1^:33^  mix  by  volume  is  15.38,  while 
the  correspondmg  value  for  the  crushed  stone  concrete 
is  $5.70,  an  increase  of  32  cents,  or  approximately  6 
per  cent.  These  values  and  those  for  series  B,  together 
with  the  corresponding  moduli  of  rupture  are  given 
in  Table  17.  Values  may  be  calculated  in  a  similar 
way  for  any  combination  of  unit  prices. 

YIELD  OF  SERIES  B 

Data  for  quantities  of  material  used  and  densities 
•of  concrete  as  determined  for  series  B  are  shown  m 
Tables  15  and  16.  The  quantities  and  corresponding 
costs  are  plotted  in  Figures,  8,  9,  10,  and  11  and  Table 
17.  These  data  show  approximately  the  same  relative 
•difference  in  cost  between  the  gravel  and  the  stone, 
•concrete  as  in  series  A.  It  is  interesting  to  note,  how- 
ever, that  one  factor  which  produces  high  costs  in 
•concrete  proportioned  as  m  series  A,  has  just  the 
•opposite  effect  when  proportioning  is  by  the  water- 
cement  ratio  trial  method.  When  a  contractor  is 
working  under  a  straight  water-cement  ratio  specifica- 
tion, and  sand  is  cheaper  than  coarse  aggregate,  as  in 
this  case,  it  is  to  his  advantage  to  use  a  poorly  graded 
stone  or  gravel  because  in  so  doing  he  is  able  to  crowd 
more  aggregate  into  his  cement  paste  before  passing 
the  bounds  of  workability.  On  the  other  hand,  the 
liigh  cost  of  using  a  grading  such  as  No.  10  with  a 
large  proportion  of  relatively  small  sizes  is  at  once 
apparent,  especially  with  the  smaller  proportions  of 
•sand. 

SLABS  OF  EQUIVALENT  STRENGTH  DETERMINED 

It  is  of  interest  to  compute  the  relative  theoretical 
thicknesses  of  slab  required  to  produce  pavements  of 
equivalent  transverse  strength,  using  the  average 
values  of  modulus  of  rupture  for  the  two  classes  of 
concrete  as  shown  by  the  tests  of  series  A.  For  this 
purpose  the  so-called  corner  formula,^  which  is  used 

2  Older,  Clifford,    highway  research  in  Illinois.    Proc.  A.  S.  C.  E..  1924. 

p.  1180. 
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of  Concrete 


extensively  in  the  calculation  of  edge 
concrete  pavement  slabs,  is  employed, 
is  usually  expressed  as  follows : 


thickness   for 
This  formula 


^=V' 


s 


in  which  d  =  depth  of  slab  in  inches; 

.s  =  allowable  unit  flexural  stress  in  bending  in  the  con- 
,,  Crete; 
and  P  =  allowed  wheel-load  at  corner  in  pounds. 

In  both  cases  the  usual  maximum  allowable  unit 
stress  of  one-half  the  modulus  of  rupture  will  be 
employed  in  the  calculation.  In  the  case  of  the  gravel 
concrete  this  gives  an  allowable  stress  of  253  pounds  per 
square  inch  and  for  the  stone  concrete  a  corresponding 
value  of  285  pounds  per  square  inch.  Assuming  a  load 
at  the  corner  of  8,000  pounds  in  each  case,  the  value  of 
d  for  the  crushed-stone  concrete  reduces  to  9.18  inches 
and  for  the  gravel  concrete  to  9.74  inches,  an  increase 
of  0.56  inch,  or  6.1  per  cent.  For  equivalent  slab 
strengths  and  on  the  basis  of  the  flexural-strength 
values  in  the  concrete  obtained  from  these  tests,  pave- 
ments constructed  of  gravel  concrete  should  be  approxi- 
mately one-half  inch  thicker  than  pavements  con- 
structed of  crushed-stone  concrete. 
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Reverting  again  to  the  previously  assumed  unit  costs 
and  adding  6.1  per  cent  to  the  cost  of  1  cubic  yard  of 
gravel  concrete  as  shown  at  $5.38,  a  value  of  $5.71  is 
obtained,  which  is  almost  exactly  equal  to  the  unit 
cost  per  cubic  yard  of  the  stone  concrete.  In  other 
words,  for  the  unit  prices  assumed,  the  cost  of  materials 
required  to  produce  concrete  pavements  of  the  same 
slab  strength  is  almost  exactly  the  same  for  both 
aggregates.  A  similar  cost  analysis  may,  of  course, 
be  made  with  any  other  combination  of  unit  prices. 
For  example,  assuming  cement  at  50  cents  per  bag, 
sand  and  gravel  at  11.20  per  ton,  and  crushed  stone 
at  $1.40  per 'ton,  the  unit  cost  of  a  cubic  yard  of  gravel 
concrete  (series  A)  is  found  to  be  $4.96,  with  $5.49  as 
the  corresponding  cost  for  the  stone  concrete,  an  in- 
crease of  53  cents.  In  this  case,  adding  6J^  per  cent 
to  the  cost  of  the  gravel  concrete  to  care  for  the  added 
thickness,  makes  the  total  cost  of  material  in  a  gravel 
concrete  slab  of  equivalent  strength  $5.26  as  against 
$5.49  for  the  stone  concrete. 

Table   15. — Quantities  of  materials  required  for  1  cubic  yard  of 
concrete,  series  B 

RATIO  OF  FINE  TO  COARSE  AGGREGATE  33  :  67 


Coarse  aggregate 

Stone 

Gravel 

grading  No. 

Cement 

Sand 

stone 

Cement 

Sand 

Gravel 

1  ..     .  . 

Bags 
6.4 
6.1 
6.7 
6.3 
6.3 

Pounds 
1,120 
1,260 
1,150 
1,190 
1.260 

Pounds 
2,320 
2,300 
2,  .300 
2.300 
2,230 
2,170 
2,190 
2,210 
2,250 
2,080 
2,150 
2,140 
2,060 

Bags 
5.9 
5.7 
6.0 
6.2 
5.8 
6.4 
6.0 
5.8 
5.9 
6.7 
6.2 
6.1 
6.3 

Pounds 
1  nsn 

Pounds 
2  180 

2.. 

210 
080 
080 
170 
050 
080 
160 
080 
050 
080 
180 
130 

2,200 
2  170 

3 

4__ 

5 

2,200 
2  120 

6-- 

7.0           1.130 

2,  100 

7--         ..       . 

6.8 
6.2 
6.4 
7.3 
6.9 
6.7 
7.0 

1,130 
1,210 
1,140 
1,140 
1,170 
1,210 
1,220 

2  130 

8-. 

2  120 

9.. 

2,  180 

10-- 

2  080 

11_- 

2,  100 

12-_ 

2,  170 

13-- 

2,040 

Average 

6.6 

1,180 

2,210 

6.1 

1,110 

2,140 

RATIO  OF  FINE  TO  COARSE  AGGREGATE  36  :  64 


1_ 

2 

3-. 

4-- --- 

6.6 
6.3 
6.8 
6.4 
6.2 
7.0 
6.4 
6.2 
.     6.1 
7.4 
6.8 
6.4 
6.8 

1,240 
1,340 
1,240 
1,280 
1,340 
1,220 
1,260 
1,310 
1,  2,50 
1,220 
1,270 
1,320 
1,320 

2,230 
2,140 
2,160 
2,180 
2,080 
2,060 
2,130 
2,100 
2,160 
1,960 
2,040 
2,040 
1,950 

6.0 

5.8 
6.0 
6.0 
5.9 
6.3 
6.1 
6.0 
6.0 
6.8 
6.3 
6.4 
6.6 

1,190 
1,280 
1,190 
1,180 
1,270 
1,140 
1,160 
1,250 
1,160 
1,120 
1,180 
1,240 
1,220 

2,100 
2,030 
2,100 
2,100 

5   - 

2,020 

6               .               

2,000 

7.. - 

2,010 

8 

2,000 

9       

2,060 

10- 

1,930 

11 

2,000 

12-- - - 

13 

1,980 
1,940 

Average 

6.6 

1,280 

2,100 

6.2 

1,200 

2,020 

RATIO  OF  FINE  TO  COARSE  AGGREGATE  40  :  60 


1 - - 

6.9 
6.4 
6.8 
6.6 
7.0 
6.8 
6.8 
6.6 
7.0 
7.4 
6.7 
6.5 
7.0 

1,340 
1,440 
1,360 
1,380 
1,440 
1,  3.50 
1,330 
1,  4.30 
1,320 
1,340 
1,400 
1,440 
1,440 

2,020 

1,940 
2,000 
1,980 
1,880 
1,920 
1,910 
1,940 
1,920 
1,800 
1,900 
1,890 
1,800 

6.4 
6.5 
6.2 
6.0 
5.9 
6.2 
6.2 
6.2 
6.2 
6.5 
0.5 
6.2 
6.4 

1,300            1 
1, 380             1 
1, 300             1 
1, 290             1 
1, 380             1 
1, 280             1 
1, 260             1 
1,350  1           1 
1, 260             1 
1, 260             1 
1, 280             1 
1, 360             1 
1, 340             1 

940 

2   .                         .  ... 

860 

3.- 

920 

4-- 

930 

5- 

860 

6 

880 

T 

840 

8 — 

820 

9-- 

870 

10 - 

830 

u 

840 

12..                   

840 

13 

790 

Average 

6.8 

1,390 

1,920 

6.3 

1,310             1 

860 

These  figures  are  given  solely  to  illustrate  how  fluc- 
tuations m  material  prices  affect  relative  costs  and  not 
with  any  idea  that  they  may  be  applied  to  anv  specific 
conditions.  It  should  also  be  noted  that,  theoretically, 
there  will  be  a  somewhat  higher  labor  cost  in  placing 
the  gravel  due  to  its  extra  thickness,  although  this 
Item  might  possibly  be  comewhat  neutralized  by  the 
greater  workability  of  the  gravel  concrete  as  com- 
pared with  the  crushed-stone  concrete. 

Table  16. — Solid  volumes  of  material  for  1  cubic  yard  of  concrete 
for  each  mix  of  series  B  and  total  solids  or  dsnsiiy  of  concrete 
expressed  as  a  percentage  of  maximum  possible  density 

RATIO  OF  FINE  TO  COARSE  AGGREGATE  33:67 


Coarse  aggre- 
gate grading 
No. 


10- 
11- 
12- 
13- 


Stone 


Solid  volumes 


Cement    Sand      Stone 


Cu.ft. 
3.11 
2.97 
3.26 
3.08 
3.06 
3.40 
3.30 
3.01 
3.11 
3.54 
3.35 
3.25 
3.40 


Cu.ft. 
6.79 
7.64 
6.97 
7.22 
7.64 
6.85 
6.85 
7.33 
6.97 
6.91 
7.09 
7.34 
7.40 


Cu.ft. 
12.54 
12.42 
12.42 
12.42 
12.05 
11.74 
n.  84 
11.95 
12.16 
11.25 
11.62 
11.56 
11.13 


Total 
solids 


Per  ct. 
83 
85 


Gravel 


Solid  volumes 

Cement 

Sand 

Gravel 

Cu.ft. 

Cu.ft. 

Cu.  ft. 

2.86 

6.54 

13.21 

2.77 

7.34 

13.34 

2.91 

6.54 

13.15 

3.01 

6.54 

13.34 

2.81 

7.10 

12.85 

3.11 

6.36 

12.71 

2.91 

6.54 

12.91 

2.81 

7.03 

12.85 

2.86 

6.54 

13.20 

3.25 

6.36 

12.60 

3.01 

6.54 

12.71 

2.96 

7.15 

13.16 

3.05 

6.84 

12.36  1 

Total 
solids 


Per  ct. 


87 
84 
85 
84 
83 
84 
84 
84 
82 
82 
86 
82 


RATIO  OF  FINE  TO  COARSE  AGGREGATE  36  :  64 

1 

2 ._ 

3 

4 

5 

6 

7 

8. 

9. 

10. 

11. _ 

12 

13 


3.21 

7.52 

12.06 

84 

2.91 

7.22 

1 
12.73 

3.06 

8.12 

11.57 

84 

2.82 

7.76 

12.30 

3.30 

7.52 

11.67 

83 

2.91 

7.22 

12.73  i 

3.11 

7.76 

11.79 

84 

2.91 

7.16 

12.73 

3.01 

8.12 

11.24 

83 

2.86 

7.70 

12.24  ! 

3.40 

7.40 

11.14 

81 

3.06 

6.91 

12.12 

3.11 

7.64 

11.51 

82 

2.96 

7.03 

12.18 

3.01 

7.94 

11.36 

83 

2.91 

7.58 

12.12 

2.96 

7.58 

N  11.68 

82 

2.91 

6.91 

12.48 

3.60 

7.40 

10.60 

80 

3.30 

6.79 

1L70 

3.30 

7.70 

11.03 

82 

3.01 

7.15 

12.12 

3.11 

8.00 

11.03 

82 

3.11 

7.52 

12.00 

3.30 

8.00 

10.54 

81 

3.21 

7.39 

11.75 

85 
85 
85 
85 
84 
82 
82 
84 
83 
81 
83 


RATIO  OF  FINE  TO  COARSE  AGGREGATE  40  :  60 


1 

3.35 
3.11 
3.30 
3.20 
3.40 
3.30 
3.30 
3.20 
3.40 
3.59 
3.26 
3.16 
3.40 

8.12 
8.73 
8.24 
8.36 
8.73 
8.18 
8.06 
8.67 
8.00 
8.12 
8.49 
8.73 
8.73 

10.91 
10.49 
10.81 
10.70 
10.16 
10.38 
10.32 
10.49 
10.38 

9.73 
10.27 
10.21 

9.73 

83 
83 
83 
82 
83 
81 
80 
83 
81 
79 
82 
82 
81 

3.11 
3.16 
3.01 
2.91 
2.86 
3.01 
3.01 
3.01 
3.01 
3.16 
3.16 
3.01 
3.11 

7.88 
8.36 
7.88 
7.82 
8.36 
7.76 
7.64 
8.18 
7.64 
7.64 
7.76 
8.24 
8.12 

n.75 
n.27 

n.64 
n.69 

11.27 
11.39 
1L15 

n.03 

n.33 

n.09 

11.15 
11.15 
10.85 

84 

2 

84 

3 

4 

83 
83 

5 

83 

6 

82 
81 

8 

82 

9 

81 

10  

81 

11 

82 

12       

83 

13 

82 

Table  17. — Average  costs  per  cubic  yard  of  concrete,  series  A  and  B 


Series 

Coarse  aggregate 

Ratio  of 

fine  to 

coarse 

aggregate 

Cost  of 

concrete 

per  cubic 

yard 

Average 

modulus 

of  rupture 

28  days 

A 

Stone - 

33:67 
33:67 
33:67 
33:67 
36:64 
36:64 
40:60 
40:60 

$5. 70               570 
5. 38                505 

B 

Stone 

Gravel 

Stone 

5. 80                580 
5.45  1             525 
5.75  1              590 
5. 40                 525 

Stone 

Gravel 

5.75 
5.40 

580 
515 

Costs  based  on  the  following  assumed  unit  prices:  Cement,  $0.60  per  bag;  sand, 
0.50  per  ton;  coarse  aggregate,  $1.40  per  ton. 
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CONCLUSIONS  PRESENTED ; 

It  is  not  intended  that  the  conclusions  given  below 
and  which  are  based  on  the  results  of  these  tests  shall 
be  considered  as  applicable  to  crushed  trap  rock  and 
gravel  of  a  different  type  and  quality  than  those  em- 
ployed in  this  investigation,  or  to  kindred  aggregates 
produced  and  marketed  under  conditions  differing 
from  those  used,  and  should  not  be  interpreted  as 
applying  to  crushed-stone  or  gravel  aggregates  in 
general.     These  conclusions  are  as  follows: 

1.  That  when  coarse  aggregates  comparable  in 
quality  to  those  used  in  these  tests  are  employed  in  the 
construction  of  concrete  pavements  in  New  Jersey 
under  existing  specifications: 

(a)  Concrete  in  which  crushed  trap  rock  is  used  as 
coarse  aggregate  will  average  about  12  per  cent  higher 
in  flexural  strength  than  concrete  in  which  gravel  is 
used  as  coarse  aggregate. 

(b)  There  will  be  practically  no  difference  in  the 
crushing  strength  of  crushed  trap-rock  concrete  and 
gravel  concrete. 

(c)  There  will  be  practically  no  difference  in  the 
absorption  of  crushed  trap-rock  concrete  and  gravel 
concrete. 

(d)  For  equivalent  flexural  slab  strengths,  a  pave- 
ment constructed  of  gravel  concrete  should  have  a 
depth  approximately  one-half  inch  greater  than  a 
pavement  constructed  of  crushed  trap-rock  concrete. 

(e)  The  cost  of  the  materials  required  for  a  unit 
volume  of  crushed  trap-rock  concrete  will  as  a  rule  be 
greater  than  the  cost  of  materials  required  for  an 
equivalent  volume  of  gravel  concrete. 


2.  That  when  coarse  aggregates  comparable  to  those 
used  in  these  tests  are  used  in  conci'ete  mixtures 
designed  for  a  given  strength  by  the  so-called  water- 
cement  ratio  trial  method: 

(a)  The  flexural  strength  of  the  crushed  trap-rock 
concrete  will  average  about  11  per  cent  higher  than  the 
gravel  concrete. 

(b)  There  will  be  practically  no  difference  in  the 
crushing  strength  of  the  crushed  trap-rock  concrete 
and  the  gravel  concrete. 

In  addition  to  the  above,  the  following  indications 
as  to  effect  of  gradation  on  strength  and  j^ield  when  the 
concrete  is  proportioned  by  fixed  volume  as  well  as 
by  the  water-cement  ratio  theory  may  be  stated: 

(1)  That  the  gradation  of  the  coarse  aggregate  has 
very  little  direct  effect  upon  the  strength  of  the  con- 
crete. 

(2)  That  when  proportioned  by  the  water-cement 
ratio  trial  method,  variations  in  the  fine-coarse  aggregate 
ratio  of  from  1 : 2  to  2 : 3  do  not  affect  the  strength  of 
the  concrete  for  a  given  sand  and  for  a  given  water- 
cement  ratio. 

(3)  That  variation  in  coarse  aggregate  grading  will 
greatly  affect  the  yield  of  concrete  and  therefore  its 
cost,  when  the  concrete  is  proportioned  either  in  the 
usual  way  or  by  the  water-cement  ratio  method. 

(4)  That  the  use  of  well-graded  coarse  aggregate  will 
increase  the  yield  when  proportioned  by  the  usual 
method,  but  exactly  the  reverse  is  the  case  when  the 
concrete  is  proportioned  by  the  water-cement  ratio 
method. 


(Cont'nued  from  page  262) 

but  it  is  one  which  is  rather  hard  on  the  profits  w^hich 
might  otherwise  be  had  from  the  job. 

Table  8  shows  a  number  of  typical  readings  of  the 
time  required  to  move  both  crawler  and  wheel-traction 
type  shovels  under  fair  to  good  field  conditions.  The 
average  time  required  for  moving  the  wheel-traction 
type  operating  on  mats  was  more  than  five  times  that 
required  for  moving  the  improved  crawler  type.  In 
shallow  cuts  where  much  moving  is  required  the  shovel 
equipped  with  wheel  traction  operating  on  mats  is 
under  a  severe  handicap.  This  is  also  true  for  some  of 
the  older  crawler  types  which  normally  require  an 
additional  man  when  moving.  In  general,  and  under 
fair  field  conditions,  it  should  be  possible  to  keep  the 
average  time  per  move  for  a  ^-yard  crawler  type  shovel 
of  the  better  type  within  15  seconds  and  within  75 
seconds  for  a  similar  shovel  equipped  with  wheel  trac- 
tion and  operating  on  mats.  If  the  average  time  per 
move  approaches  30  seconds  under  ordinary  field  con- 
ditions for  the  crawler  shovel  or  150  seconds  for  the 
wheel  shovel,  we  may  safely  conclude  that  either  the 
operator  is  slow  or  the  mechanism  needs  adjustment  or 
repair.  For  blocking  or  leveling  the  shovel  on  steep 
grades  at  least  two  wide  wedge-shaped  blocks  rein- 
forced with  strap  iron  and  light  bolts  should  be  pro- 
vided. Such  blocks  can  readily  be  handled  by  the  pit- 
man and  will  pay  for  themselves  in  a  few  hours  where 
conditions  are  such  that  blocking  is  required. 

SHOVEL  OPERATOR  A  MOST  IMPORTANT  FACTOR 

A  high  degree  of  efficiency  in  power-shovel  operation 
can  only  be  secured  through  the  proper  coordination  of 


Table  8. — Shovel  moveynents  classified  according  to  time  required 


Time  required 
(seconds) 


8  to  10- 
10  to  12, 
12  to  14. 
14  to  16. 
16  to  18. 
18  to  20. 
20  to  25. 
25  to  30. 
30  to  35. 
35  to  40. 
40  to  50. 


Move- 

Move- 

ments of 

ments  of 

wheel- 

crawler- 

traction 

traction 

shovels 

shovels 

operating 

on  mats 

Number 

Number 

6 

29 

32 

20 

14 

8 

23 

10 

7 
8 

6 

3 

Time  required 
(seconds) 


50  to  60 

60  to  70 

70  to  80 

80  to  90 

90  to  100-.. 
100  to  125.. 
125  to  150.. 
150  to  175.. 
175  to  200.. 
Above  200. 


Move- 
ments of 
crawler- 
traction 

shovels 


Number 
2 
1 


Move- 
ments of 

wheel- 
traction 

shovels 
operating 
on  mats 


Number 

5 

12 

28 

7 

10 
16 
7 
4 
1 
6 


several  factors.  The  first  and  most  apparent  is  the 
operator.  The  ideal  operator  is  a  man  gifted  with 
quick  reaction,  a  true  eye,  good  judgment,  great  en- 
durance, and  a  high  degree  of  skill  and  experience. 
He  should  know  the  possibilities  as  well  as  the  limita- 
tions of  the  shovel  and  be  able  to  maintain  it  in  first- 
class  condition. 

But  it  is  not  enough  simply  to  secure  a  good  operator. 
Except  where  casting  is  involved,  the  operator  can  dig 
no  more  material  than  the  available  equipment  can 
haul,  and  he  can  only  dig  when  hauling  units  are  actu- 
ally in  place  for  loading.  If  the  supply  of  wagons  or 
trucks  is  inadequate  to  handle  full  shovel  production,  or 
if  their  operation  is  such  as  to  interfere  with  the  steady, 
methodical  operation  of  the  shovel,  the  fault  lies  with 
the  management. 
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